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Abstract 
 

Earthquakes that occur at plate-subduction zones can trigger destructive tsunami and 

thus endanger coastal area, yet our understanding about earthquake dynamics in subduction 

zones still remains poor, leading to difficulties in assessing the risks related to the future events. 

One of the dominant factors controlling earthquake dynamics is the amount of seismic energy 

consumed as frictional heat in the slip zones, which constitutes the largest part of total seismic 

budget and triggers various physic-chemical reactions in faults. For evaluating frictional heat 

recorded in fault rocks, various thermal proxies have been suggested. In particular, thermal 

reactions of carbonaceous material (CM) have been received considerable attention as a 

candidate of thermal index, because CM changes its organochemical characteristics irreversibly 

in response to maximum temperature. However, there is currently no systematic study that 

focuses on earthquake-induced CM reactions, and it is thus still unclear whether CM reactions 

can be a indicator of frictional heat. 

Another important factor dictating earthquake dynamics is frictional strength of rocks. 

Previous studies suggest that typical crust-forming materials show friction coefficient of 0.65–

0.80 and 0.1–0.4 at slow and fast slip rate, respectively. However, in the case if frictionally 

weak minerals exist, frictional strength of fault rocks become much lower than these typical 

values. CM is one of the representative weak materials that show low friction, and previous 

studies imply that CM is likely to lose its strength with increasing maturity. Considering 

relatively high concentration of CM at plate-subduction zones, CM reactions may affect 

strength of plate-subduction faults, yet we know little about its influence on earthquake 

dynamics. 

In this thesis, I attempt to reveal physico-chemical processes of earthquake-induced CM 

reactions and its implications on earthquake dynamics in plate-subduction zones. In Chapter 1, 

an outline and a goal of this study is described, including general information about frictional 

heat and frictional strength of faults. 

Chapter 2 experimentally investigates the possibility to detect heat recorded in fault 

rocks in terms of visible spectroscopy on CM-bearing fault materials. I demonstrated the 

blackening of synthetic mixtures of montmorillonite and CM and of montmorillonite and 

magnetite in milling, heating, and friction experiments. Color measurements on these samples 

before and after experiments showed that milling of black materials can result in blackening of 

fault rocks, and heating of CM can strengthen blackening possibly due to adsorption of 



 2 

pyrolyzed gas onto clay surface. Therefore, relatively black gouge in natural faults may have 

experienced earthquake-induced high temperature, and this information can be useful to identify 

fault zones in field. 

Chapter 3 examines earthquake-induced thermal reactions of CM in natural faults. I 

performed spectroscopic, thermogravimetric, and organic elemental analyses in conjunction 

with heating experiments, and demonstrated that CM in fault rocks retrieved from Shimanto 

accretionary complex showed similar organochemical characteristics to those of CM from 

surrounding host rocks heating after 500–600 °C. This indicates that CM maturity can be a 

strong indicator for detecting frictional heat. Numerical modeling showed that, for achieving 

such temperatures, earthquake event with displacement of 2–9 m is required in the studied fault. 

Thus, CM reactions that changes its maturity is useful not only to estimate frictional heat but 

also to understand earthquake dynamics in subduction zones. 

In Chapter 4 and 5, I investigated both kinetic effects caused from mechanochemistry 

and heating rate on CM reactions for establishing CM as a more plausible thermal indicator. I 

conducted laboratory friction and heating experiments on CM, and evaluated both effects on 

CM maturation by means of spectroscopies. The results showed that mechanochemical effect on 

CM, which is a typical effect caused from earthquake slip and can reduce activation energy of 

various reactions, can promote CM reactions being occurred at relatively lower temperature. In 

contrast, higher heating rate, another typical condition of seismic event, can inhibit CM 

reactions due to its kinetic effect. These facts suggest that CM reactions during earthquake slip 

can be controlled by many factors, and fault geothermometer based on CM maturity should be 

established by considering these complicated effects. 

In Chapter 6, I show how CM maturity affects on frictional strength of CM-bearing 

faults. High-velocity friction experiments on CM with different maturity verified that increase 

in crystallinity of CM can decrease its yield shear strength, possibly affecting rupture dynamics. 

Given that CM increases its maturity with progressive diagenetic reactions and earthquake 

events, carbon-bearing plate-subduction faults can lose its strength with increasing depth, 

possibly affecting depth-dependent rupture dynamics in subduction zones. 

In Chapter 7, I briefly summarize the main results of this thesis. I also identify unsolved 

problems related to this thesis as future works. The important findings and overall conclusions 

of this thesis are as follows: (1) CM reactions can be a useful indicator for frictional heat, (2) 

earthquake-induced effects can affect progress of CM reactions, and (3) CM reactions may 

dominantly control frictional strength and thus rupture dynamics of plate-subduction faults. 
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Among various disasters triggered by natural hazards, earthquake has been considered 

as the most destructive one, because it causes significant damage on human life, public property, 

and social economy (Guha-Sapir et al., 2016). In addition, earthquake can induce urban fire, 

landslide, liquefaction, subsidence, and tsunami, all of which cause strong damages on our life 

as earthquake itself does. Therefore, assessments of the risks related to earthquake events have 

been in urgent requirement to minimize the influence of seismic events on the society. This 

requires the comprehensive understandings on earthquake dynamics, and the plausible model, 

which considers earthquake nucleation, rupture propagation, frictional fault slip, and fault 

healing processes, is also necessary. However, in spite of the several decades of studies, our 

knowledge about earthquake dynamics still remains poor, and thus the sophisticated model that 

can consistently explain complex processes associated with earthquake is not well established. 

Earthquakes usually take place at (1) plate-boundary faults, and (2) inland active faults. 

Regular earthquakes with large magnitude usually happen in and around plate-subduction zones 

(i.e., plate convergent margin), where approximately 85 % of total seismic energy on Earth is 

released (Scholz, 2002). Furthermore, earthquakes occurred at these areas sometimes trigger 

sudden uplift of the sea surface and generate destructive tsunami if the rupture propagates to the 

seafloor, represented by the 2004 Sumatra earthquake and the 2011 Tohoku-Oki earthquake. It 

is therefore of great importance to improve our understandings on earthquake dynamics in 

plate-subduction zones, which may enable us to evaluate the potential risks of future destructive 

events. 

Earthquake has been considered to occur as a result of a sudden release of elastic energy 

by frictional slip along fault. The released energy is considered to divided into three parts: (1) 

fracture energy EG, (2) radiation energy ER, and (3) frictional heat EH (Figure 1.1). 
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Figure 1.1. Seismic energy budget on the basis of a simple slip-weakening model. σ0, 

peak shear stress; σf, residual shear stress. 

 

EG is the energy required to advance the rupture front forward, which is defined as the integral 

of the changes in the shear strength over the local slip (Abercrombie & Rice, 2005). In the case 

of natural earthquakes, EG is used for comminution of the particles that induces grain size 

reduction and amorphization of lattice crystals (Brantut et al., 2008). Many studies have 

attempted to quantitatively evaluate comminution energy (e.g., Olgaard & Brace, 1983; 

Yoshioka, 1986; Chester et al., 2005; Pittarello et al., 2008; Togo & Shimamoto, 2012), as it can 

be easily estimated from grain size distribution or surface area of gouge materials. These studies 

suggested that the energy used for comminution constitutes small part of EG (less that 10 %) and 

of total seismic energy (less than 1 %). Similarly, Brantut et al. (2008) conducted laboratory 

friction experiments and concluded that the energy used for amorphization is also small part of 

EG, suggesting that most part of EG may be converted into ER or EH. These studies clearly 

verified that EG constitutes very small part of total seismic energy. The amount of radiated 

energy ER can be calculated independently from seismological observations (e.g., Venkataraman 

& Kanamori, 2004; Abercrombie & Kanamori, 2005; Yamada et al., 2007). ER is the energy 

used for generation of seismic wave, and previous researches have examined its ratio to total 

seismic moment M0 or to fracture energy EG. Venkataraman & Kanamori (2004) calculated 

radiation efficiency, ηR, for many earthquakes at plate-subduction zones, and demonstrated that 
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ER is much smaller than EG. Thus, ER is also likely to constitute very small part of total seismic 

energy budget, and most of the seismic energy should convert into EH in the slip zones (e.g., 

Chester et al., 2005; Brantut et al., 2008). EH is the heat energy that triggers sudden temperature 

rise and promotion of various physico-chemical reactions in slip zones, which in turn affects 

fault slip motion and energetics of earthquake (Rowe & Griffith, 2015). These reactions include 

melt lubrication (Hirose & Shimamoto, 2005), flash heating (Rice, 2006), thermal and 

thermo-chemical pressurization (Sibson, 1973; Brantut et al., 2010; Tanikawa et al., 2015), and 

nanopowder lubrication (Reches & Lockner, 2010), all of which can directly reduce frictional 

strength of faults. Estimation of EH is thus of great importance for understanding not only 

earthquake energetics but also earthquake dynamics. 

Cowan (1999) investigated various potential proxies for estimation of EH, and 

concluded that existence of pseudotachylyte (frictional melt of rock-forming minerals) (e.g., 

Sibson, 1975) is the only reliable evidence that can detect earthquake-related heat recorded in 

faults. However, thanks to the development of analytical techniques, other potential heat proxies 

have been reported in recent two decades (Rowe & Griffith, 2015). These include thermal 

transformation of minerals (e.g., Mishima et al., 2009; Evans et al., 2014), thermal 

decomposition of carbonates (e.g., Han et al., 2007), dehydration and dehydroxylation of clays 

(e.g., Hirono et al., 2008; Schleicher et al., 2015), high-temperature fluid-rock interaction (e.g., 

Ishikawa et al., 2008), and thermal maturation of carbonaceous material (e.g., O'Hara, 2004). 

Among these reactions, thermal maturation of carbonaceous material (CM) has been received a 

marked attention, because CM changes its organochemical characteristics irreversibly with 

increasing temperature. and thus its maturity is a candidate of a reliable thermal index for 

estimating EH. 

CM is a photosynthesis-derived insoluble organic matter that exists in fault rocks (e.g., 

Kuo et al., 2014) and in the seafloor sediments (Premuzic et al., 1982), and is enriched in 

plate-subduction zones (≥1 wt.%; see Figure 6.1). CM changes its organochemical 

characteristics, including elemental composition (C, H, O, N, and S) and molecule structure, in 

response to the ambient temperature (e.g., Schito et al., 2017). The degree of its maturity can be 
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determined by reflectance measurements (e.g., O'Hara, 2004), spectroscopies (e.g., Beyssac et 

al., 2002), and GC/MS analyses (e.g., Polissar et al., 2011), and thus CM is often used to 

evaluate paleo-temperatures experienced by sedimentary and metamorphic rocks (e.g., Beyssac 

et al., 2002; Kouketsu et al., 2014). Importantly, CM reactions are sensitive to short-term flash 

heating during earthquakes (e.g., O'Hara et al., 2006), suggesting that CM may be a strong 

proxy for estimating earthquake-related maximum temperature of fault rocks. However, studies 

focusing on earthquake-induced CM reactions have been hardly reported, and thus, for 

assessing the potential of CM being a reliable indicator to detect heat associated with 

earthquake, further investigations from both natural and experimental approaches are required. 

Another important factor when considering earthquake dynamics is the frictional 

strength of fault rocks. Typical friction coefficient µ of crust-forming rocks, such as granite and 

sandstone, ranges from 0.65–0.80 at slow slip velocity (Byerlee, 1978). On the other hand, at 

fast slip velocity in order of 10–1–100 m s–1, friction coefficient of rocks shows dynamic 

weakening trend and become 0.1–0.4 at final stage of slip (Di Toro et al., 2011). Although these 

trends can be basically applicable for various rocks regardless of rock types, however, existence 

of frictionally weak materials in fault rocks can reduce fault strength below these typical values. 

For example, frictionally weak smectite, which is a common material in shallow part of 

plate-subduction zones (e.g., Chester et al., 2013), can dramatically reduce frictional strength of 

quartz gouge with bulk concentration of ≥10 wt.% (Oohashi et al., 2015). In the case of pure 

CM, its friction coefficient shows relatively lower value (µ of ~0.5) compared to typical rocks at 

slow slip velocity (Oohashi et al., 2011). Furthermore, fully matured CM (graphite) shows 

significantly low frictional resistance (µ of ~0.1) at both slow and fast slip velocities, suggesting 

that CM maturation can affect its frictional resistance and thus may play an important role in 

earthquake dynamics of CM-bearing faults in plate-subduction zones. However, there is 

currently no systematic trial examining frictional strength of CM with increasing maturity and 

its relation to earthquake dynamics. 

On the basis of these problems and backgrounds, in this thesis, I aim (1) to assess the 

potential of earthquake-related CM reactions as a new proxy for detecting frictional heat, and 
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(2) to investigate the effects of CM reactions on earthquake dynamics in plate-subduction zones. 

The resultant data and its implications in this thesis can provide a new insight into the 

earthquake-related CM reactions and its possible relation to earthquake dynamics in 

plate-subduction zones. 
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Reprinted from Tectonophysics 677–678, 160–170. Kaneki, S. & Hirono, T. (2016). Blackening 

of fault gouge by comminution and pyrolysis of carbonaceous materials during earthquake slip, 

with permission from Elsevier. 
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Abstract 

Black fault gouges sometimes develop, mainly in sedimentary rocks, but the cause of 

the color transformation is not well understood. Here we demonstrated the blackening of 

synthetic mixtures of montmorillonite and bituminous coal and of montmorillonite and 

magnetite in milling, heating, and friction experiments. Mixed samples with a higher volume 

fraction of coal or magnetite before the experiments showed lower L* values (lightness index; 

lower values indicate darker blacks), because coal and magnetite are intrinsically black. The 

milling and heating experiments showed that the L* values of mixed samples of 

montmorillonite and coal drastically decreased with longer milling times and higher 

temperatures. The L* values of mixed samples of montmorillonite and magnetite also decreased 

with longer milling times, but no notable change was observed in the samples after the heating 

experiments. Because comminution by milling induces granulation of the constituent materials, 

blackening of the experimental samples was primarily caused by dispersal through the sample 

of fine black particles such as coal and magnetite, but it could be strengthened by adsorption 

onto host particles of organic gases produced by pyrolysis of carbonaceous material (CM) at 

high temperature. The friction experiment with mixed samples of montmorillonite and coal 

produced the remarkably low L* values. Friction induces both comminution and heating of 

samples, so the blackening could be greater than after either milling or heating alone. Therefore, 

relatively black fault gouges, compared with the surrounding host rocks, might have 

experienced comminution and heating, probably related to earthquake slip. Thus, black 

coloration could be one of the important information on fieldwork. 

 

 

2.1. Introduction 

Fault gouges often differ in color from the surrounding host rock, and when the host 

rock is of sedimentary origin, relatively black fault gouges are often observed (e.g., Manatchal, 

1999; Tsutsumi et al., 2004; Buatier et al., 2012; Yao et al., 2013; Balsamo et al., 2014). The 

main damage zone of the Chelungpu fault, which slipped during the 1999 Taiwan Chi-Chi 
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earthquake, is very black (Hirono et al., 2006, 2007a). High magnetic susceptibility in this zone 

has been attributed to the new formation of magnetic minerals such as magnetite and maghemite 

at high temperatures induced by friction (Hirono et al., 2006; Mishima et al., 2009; Chou et al., 

2012). Tanikawa et al. (2008) experimentally reproduced the blackening of fault gouge by 

subjecting a host-rock sample to high-velocity (on the order of 1 m s–1) friction, and they 

suggested that the color change resulted from the new formation of black magnetic minerals. 

However, the small amount of magnetic minerals (<1 wt.%) in the black gouge of the 

Chelungpu fault zone (Hirono et al., 2014) would be unlikely to affect the color of the bulk 

rock. 

Because determination of the peak temperature reached during slip is crucial for 

identifying the faulting mechanism of an earthquake, various temperature proxies have been 

proposed, for example, magnetite formation at high temperature (≥400 °C) (Mishima et al., 

2009; Chou et al., 2012); anomalies in the concentrations of fluid-mobile trace elements (Sr, Cs, 

Rb, and Li) and in the Sr isotope ratios, indicating the presence of high-temperature (≥350 °C) 

fluid (Ishikawa et al., 2008); dehydroxylation of clay minerals (Hirono et al., 2008); thermal 

decomposition of carbonate minerals (Han et al., 2007; Hirono et al., 2007b); and thermal 

maturation of carbonaceous material (CM), as indicated by vitrinite reflectance (O'Hara et al., 

2006; Sakaguchi et al., 2007; Maekawa et al., 2014) and by infrared and Raman spectroscopy 

(Hirono et al., 2015). However, these proxies require sophisticated laboratory analyses; an easy 

method for preliminary detection of a record of high temperature in the field is needed. 

In this study, we used a high-velocity friction apparatus, a thermogravimetric (TG)–

differential scanning calorimeter (DSC), and a milling machine to produce blackening in 

synthetic fault samples, and we used color digital spectrophotometry and pyrolysis–gas 

chromatography–mass spectrometry (py-GC/MS) to evaluate color changes and the organic 

chemical properties of the samples. We then considered how comminution and pyrolysis of 

CMs contributed to the blackening. 
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2.2. Materials and methods 

2.2.1. Samples 

As analogues of fault gouge components, we used Na-rich montmorillonite (Crook 

County, Wyoming, USA; SWy-2 supplied from The Clay Minerals Society) and bituminous coal 

(Ashibetsu, Hokkaido, Japan). We also used magnetite (Diamantina, Minas Gerais, Brazil), 

because the color change in the Chelungpu fault was ascribed to black magnetic minerals 

(Tanikawa et al., 2008). Their reported grain densities are 2800, 1300, and 5200 kg m–3, 

respectively (Meyers, 1983; Schön, 2004; Holmboe et al., 2012). We investigated the process 

and mechanism of the color transition caused by the effects of high-velocity friction, milling, 

and heating on montmorillonite samples and on mixtures of montmorillonite and coal in three 

series of experiments. We also examined color changes in mixtures of montmorillonite and 

magnetite in milling and heating experiments. All samples were dried at 50 °C for several hours 

just before each experiment. 

Before the experiments, we characterized the Ashibetsu bituminous coal 

thermochemically by using a TG-DSC apparatus (STA 449 C Jupiter balance, Netzsch) to heat 

the coal to 800 °C at a rate of 10 °C min–1 under an Ar atmosphere; the resultant TG profile 

indicated a weight loss was started at approximately 150 °C and a large amount of weight loss 

occurred above approximately 400 °C (Figure 2.1). 
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Figure 2.1. Thermogravimetric curve of the Ashibetsu bituminous coal. Maximum 

temperatures reached during the friction and milling experiments were approximately 

330 and 40 °C, respectively. 

 

We analyzed the bituminous coal on the molecular level by py-GC/MS, using a 

pyrolyzer (Py-3030D, Frontier Lab; furnace temperature 700 °C, interface temperature 330 °C) 

directly coupled to a gas chromatograph–mass spectrometer (GCMS-QP2010 Ultra, Shimadzu) 

equipped with a DB-5MS column (length 30 m, inner diameter 0.25 mm, film thickness 0.25 

µm; Agilent J&W). Approximately 1 mg of the coal sample was heated from 100 to 330 °C at a 

rate of 50 °C min–1 under vacuum, and the gas-phase pyrolysates that were collected in a 

cryotrap were analyzed by GC/MS. In the GC/MS analysis, helium was used as the carrier gas 

at a flow rate of 1 mL min–1, and the split ratio was 50. The injection temperature was 300 °C, 

and the column temperature program was as follows: hold at 40 °C for 2 min, heat to 310 °C at 

15 °C min–1, and hold at 310 °C for 10 min. The mass spectrometer was operated in the electron 

ionization mode (70 eV, scan range m/z 35–600, scan interval 0.2 s), and the ion source 

temperature was kept at 230 °C. The pyrolysates were identified by comparing their mass 

spectra with the reported spectra of standards in the library of the National Institute of Standards 

and Technology. The resultant pyrogram of the Ashibetsu bituminous coal showed abundant 

naphthalene and normal chain aliphatic hydrocarbons (Figure 2.2). 
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Figure 2.2. Pyrogram of the Ashibetsu bituminous coal obtained by heating a sample 

from 100 to 330 °C. 

 

 

2.2.2. Experiments 

2.2.2.1. Mixing procedure 

Before the friction, milling, and heating experiments, we examined the color differences 

due to different initial concentrations of coal and magnetite particles. Mixed samples of 99.99 

wt.% montmorillonite + 0.01 wt.% coal, 99.9 wt.% montmorillonite + 0.1 wt.% coal, 99 wt.% 

montmorillonite + 1 wt.% coal, 97.3 wt.% montmorillonite + 2.7 wt.% coal, 90 wt.% 

montmorillonite + 10 wt.% coal, 99.99 wt.% montmorillonite + 0.01 wt.% magnetite, 99.9 wt.% 

montmorillonite + 0.1 wt.% magnetite, 99 wt.% montmorillonite + 1 wt.% magnetite, 96.1 wt.% 

montmorillonite + 3.9 wt.% magnetite, 90 wt.% montmorillonite + 10 wt.% magnetite, and 69.2 

wt.% montmorillonite + 30.8 wt.% magnetite were prepared (Table 2.1). The samples were 

manually mixed in an agate mortar. 
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Table 2.1. Results of color measurements of all the samples before and after the experiments. 

 

 

 

2.2.2.2. Friction experiment 

For the friction experiments we used a high-velocity rotary shear apparatus to examine 

the effects of mechanical damage and frictional heat on synthetic fault samples (Figure 2.3a). In 

this series of experiments, we placed approximately 500 mg of dry powdered sample, consisting 

of (1) montmorillonite (100 wt.%), (2) montmorillonite (99.9 wt.%) + coal (0.1 wt.%), or (3) 

montmorillonite (99 wt.%) + coal (1 wt.%), between the ends of two gabbro cylinders (25-mm 

diameter) and then sealed the cylinders within a polytetrafluoroethylene (Teflon) sleeve to 

prevent leaks (Figure 2.3b). Because in the Chelungpu fault example the concentration of CM in 

the black gouge and the surrounding rocks was reported to be approximately 0.27 ± 0.09 wt.% 
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(Ikehara et al., 2007), we adopted coal concentrations of 0.1 and 1 wt.% for our friction 

experiments. The experiments were carried out at a velocity of 1 m s–1 with 10 m of 

displacement under 1 MPa of normal stress under a dry Ar atmosphere; the resultant friction 

data are shown in Supporting Information Figure S2.1. The temperature distribution within the 

sample during the experiments was estimated by using an axisymmetric 2-D model based on the 

finite-element method, in which the highest temperature was approximately 330 °C (Supporting 

Information Figure S2.2). After the friction experiments, damaged powder from the outer 6.0–

12.5 mm of the sample was collected for analysis. 
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Figure 2.3. (a) Simplified sketch of the high-velocity friction testing apparatus. 1, 

sample holder; 2, motor; 3, torque limiter; 4, torque gauge; 5, electromagnetic clutch; 6, 

rotary encoder; 7, rotary column; 8, torque-axial force gauge; 9, spline; 10, axial force 

gauge; 11, displacement transducer. Modified from Mizoguchi et al. (2009). (b) 

Schematic illustration of the sample assembly. (c) Changes of the L* value before and 

after the friction experiment. (d–f) Photographs of samples after the friction experiment: 

(d) montmorillonite (100 wt.%); (e) mixture of montmorillonite 99.9 wt.% and coal 0.1 

wt.%; (f) mixture of montmorillonite 99 wt.% and coal 1 wt.%. 
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2.2.2.3. Milling experiment 

For the comminution experiments, a laboratory planetary mill (Pulverisette 6, Fritsch) 

was used to grind samples for 1, 2, 4, or 6 h at 600 rpm. Grinding was suspended for 5 minutes 

after each 20 minutes of milling to prevent the sample temperature from rising; thus, the 

temperature at the end of each experiment, measured by using a needle probe thermometer, was 

only slightly higher than room temperature (approximately 40 °C). In this series of experiments, 

we used (1) mixed samples of 99 wt.% montmorillonite + 1 wt.% coal, (2) 99 wt.% 

montmorillonite + 1 wt.% magnetite, (3) 96.1 wt.% montmorillonite + 3.9 wt.% magnetite, and 

(4) samples consisting only of montmorillonite (100 wt.%). 

 

 

2.2.2.4. Heating experiment 

For the heating experiments, we used the TG-DSC apparatus to heat (1) mixed samples 

of 99 wt.% montmorillonite + 1 wt.% coal, (2) 99 wt.% montmorillonite + 1 wt.% magnetite, 

(3) 96.1 wt.% montmorillonite + 3.9 wt.% magnetite, and (4) samples consisting only of 

montmorillonite (100 wt.%). Approximately 30 mg of sample was placed in a covered 

Pt90Rh10 crucible and heated from room temperature to a target temperature of 200, 400, or 

600 °C at a rate of 20 °C min–1 under a flow of Ar gas (50 mL min–1). 

 

 

2.2.3. Color measurement 

An ultraviolet-visible spectrophotometer (V-750, Jasco) was used for quantitative 

evaluation of the color of the samples before and after the experiments. Powdered sample 

material was placed in a cylindrical cell with a transparent quartz window. Because the degree 

of compaction of a sample can affect its color, the porosity of each sample was manually 

controlled to 39.7 ± 2.1%. Five spectra from each sample were acquired in the range of 800–350 

nm–1 at a scan rate of 1000 nm min–1, a spectral bandwidth of 1 nm and a spot size of 3 mm in 

diameter. The spectra were converted into L*a*b* color values, where L* indicates brightness 
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(black, L* = 0; white, L* = 100), and a* and b* are values along red–green (+a* = more reddish, 

–a* = more greenish) and yellow–blue (+b* = more yellowish, –b* = more bluish) axes, 

respectively. Because moisture absorbed by the surface of the sample could affect the color 

(mainly reducing the brightness value), we dried all samples at 50 °C for several hours just 

before the color measurements. 

 

 

2.2.4. Microscopic observation 

To investigate the mechanical damage that occurred during the friction and milling 

experiments, we observed the microstructure of mixed samples (montmorillonite 99 wt.% + 

coal 1 wt.% and montmorillonite 99 wt.% + magnetite 1 wt.%) after the experiments by using a 

field-emission scanning electron microscope (JSM-6500, JEOL) operated at an acceleration 

voltage of 10 or 12 kV attached with energy dispersive X-ray spectrometry (JED-2300F, JEOL). 

Initial montmorillonite, coal, and magnetite particles before the experiments were also 

observed. 

 

 

2.3. Results 

2.3.1. Color transitions 

We first examined the initial color change in mixtures with different ratios of coal or 

magnetite to montmorillonite, and then, after all experiments were completed, we determined 

the degree of blackening of each sample from the change in its L* value. All color measurement 

data (L*, a*, and b*) are shown in Table 2.1, and all photo images of the samples are shown in 

Supporting Information Figure S2.3. 

The initial L* values of mixed samples with higher weight fractions of coal or 

magnetite were lower (Figure 2.4a and b, respectively) than those with lower weight fractions. 

Comparison of L* values among mixed samples with 0.1, 1, and 10 wt.% of coal or magnetite 

showed that the L* values of samples containing coal were lower than samples containing the 
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same proportion of magnetite by weight. However, when the volume fraction of coal or 

magnetite relative to bulk volume, calculated from sample density and the controlled porosity, 

was taken into consideration, the L* values of magnetite mixtures were lower than those of the 

corresponding coal mixtures (Figure 2.4c: 1 wt.% coal and 3.9 wt.% magnetite correspond to 

1.3 vol.%; 2.7 wt.% coal and 10 wt.% magnetite to 3.4 vol.%; and 10 wt.% coal and 30.8 wt.% 

magnetite to 11.6 vol.%). These values reflect the intrinsic blackness of each material. 

 

 

Figure 2.4. Initial L* value changes in admixtures of (a) coal and (b) magnetite 

particles in montmorillonite samples. (c) Relationship between L* value and the volume 

fraction of black particles. 

 

After the friction experiments (Figure 2.3c), montmorillonite (100 wt.%) became 

slightly whiter (Figure 2.3d), but mixtures of montmorillonite and coal (0.1 or 1 wt.%) were 

considerably blackened (Figure 2.3e and f, respectively), and the L* value was lower when the 

coal content was higher. 

The milling experiment results showed that the L* value of montmorillonite (100 wt.%) 

remained roughly constant regardless of milling time, whereas the L* value of the mixture of 

montmorillonite and coal (1 wt.%) decreased with milling time (Figure 2.5). L* values of 

mixtures of montmorillonite and magnetite (1 wt.% or 3.9 wt.%) also decreased with milling 

time. Although 1 wt.% coal and 3.9 wt.% magnetite mixtures have the same volume fraction to 

bulk (1.3 vol.%), the L* value of the former was lower than that of the latter regardless of the 
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milling time. 

 

 

Figure 2.5. L* value changes in pure montmorillonite and mixtures of montmorillonite 

and coal (1 wt.%) and of montmorillonite and magnetite (1 and 3.9 wt.%) caused by 

milling. 

 

In the heating experiment results, the L* value of montmorillonite (100 wt.%) decreased 

slightly with increases in temperature, whereas the L* values of the mixture of montmorillonite 

and coal (1 wt.%) were much lower at temperatures ≥ 400 °C (Figure 2.6). The L* values of 

mixtures of montmorillonite and magnetite (1 wt.% and 3.9 wt.%) were nearly the same as the 

L* value of 100 wt.% montmorillonite (Figure 2.6) at all heating temperatures. 
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Figure 2.6. L* value changes in pure montmorillonite and mixtures of montmorillonite 

and coal (1 wt.%) and of montmorillonite and magnetite (1 and 3.9 wt.%) caused by 

heating. 

 

The other color index values, a* and b* values, of all samples are shown in Figure 2.7. 

The starting mixtures were slightly greenish (negative a* value) and yellowish (positive b* 

value), and the values of mixtures with 10 wt.% coal and 10 and 30.8 wt.% magnetite 

approached zero (Figure 2.7a). In the milling experiments, the a* values of 100 wt.% 

montmorillonite and of the coal mixtures increased with milling time, but those of the magnetite 

mixtures did not show any systematic change. The b* values of 100 wt.% montmorillonite and 

of the coal mixtures did not show any notable change, but those of the magnetite mixtures 

decreased with milling time (Figure 2.7b). In the heating experiments, the a* values of 100 

wt.% montmorillonite and of the magnetite mixtures increased at high temperatures, but those 

of the coal mixtures did not show any systematic change. The b* values of 100 wt.% 

montmorillonite and of the magnetite mixtures generally decreased with increasing temperature, 

but at 600 °C they increased (Figure 2.7c). In the friction experiments, the a* values of 100 

wt.% montmorillonite and of the coal mixtures increased, and their b* values slightly decreased 

(Figure 2.7d). Overall, changes in the a* and b* values of the samples were not larger than those 
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of the L* values. 

 

 
Figure 2.7. Changes of a* and b* values in pure montmorillonite, mixtures of 

montmorillonite and coal, and mixtures of montmorillonite and magnetite after (a) 

mixing and after (b) milling, (c) heating, and (d) friction experiments. 

 

 

2.3.2. Microstructures 

Scanning electron microscope images of the montmorillonite and coal used for the 
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experiments (Figure 2.8a and b, respectively) show that initially the grains were approximately 

10–100 µm in diameter. After the milling experiments, the mixture of montmorillonite and coal 

(1 wt.%) showed a drastic reduction of particle size (Figure 2.8c–f), and the damaged samples 

included large amounts of ultrafine particles, from submicrometer-sized particles to ones several 

tens of nanometers in size, with well-rounded spheroidal shapes (Figure 2.8d–f). Aggregations 

of ultrafine particles were also observed in the damaged samples. However, after the friction 

experiment, the samples included only small amounts of such ultrafine particles (Figure 2.8g), 

apparently similar to the amount in samples after a milling time of 2 h (Figure 2.8d). 

 

 
Figure 2.8. Scanning electron microscopy images of the starting samples of (a) 

montmorillonite and (b) coal and of mixtures of montmorillonite 99 wt.% and coal 1 

wt.% after milling for (c) 1, (d) 2, (e) 4, and (f) 6 h; and (g) after the friction experiment. 

 

Scanning electron microscope images of the magnetite used for the experiments show 

that initially the grains were approximately 10–200 µm in diameter (Figure 2.9a). After the 

milling experiments, the mixed samples of montmorillonite and magnetite (1 wt.%) also showed 

a drastic reduction of particle size and the development of aggregations of ultrafine particles 

(Figure 2.9b–e). 
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Figure 2.9. Scanning electron microscopy images (a) of the starting sample of 

magnetite and of mixtures of montmorillonite 99 wt.% and magnetite 1 wt.% after 

milling for (b) 1, (c) 2, (d) 4, and (e) 6 h. 

 

The chemical compositions of particles (or particle aggregations) from the 

montmorillonite and coal (1 wt.%) or montmorillonite and magnetite (1 wt.%) mixtures after 1 

or 6 h of milling are shown in Figure 2.10. Although the volume fraction of coal in the mixed 

sample (1.3 vol.%) was higher than the volume fraction of magnetite in the mixed sample (0.3 

vol.%), after milling, no coal particles (zero intensity for carbon) were detected by energy 

dispersive X-ray spectrometry (Figure 2.10a–d). In contrast, magnetite particles (Fe peak) were 

detected, although only in the sample after 1 h of milling (Figure 2.10e and f). 
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Figure 2.10. Micro-scale chemical compositions of experimental samples analyzed by 

energy dispersive X-ray spectrometry: Mixture of montmorillonite 99 wt.% and coal 1 

wt.% after milling for (a, b) 1 and (c, d) 6 h; mixture of montmorillonite 99 wt.% and 

magnetite 1 wt.% after milling for (e, f) 1 and (g, h) 6 h. The area within the dotted 

rectangle in each scanning electron microscopy image (left column) corresponds to the 

analyzed area. The corresponding X-ray spectra are shown on the right. 

 

 

2.4. Discussion and conclusions 

The main question that we address here is the blackening effect of each experimental 

treatment. The initial mixed samples (montmorillonite + coal or magnetite) became blacker as 

the volume fraction of coal or magnetite was increased, and the magnetite mixtures were 

blacker than the coal mixtures, owing to differences in the intrinsic blackness of coal and 

magnetite. 

The milling experiment reproduced the comminution and granulation that occurs during 

earthquake slip. Mixtures of coal or magnetite became blacker with longer milling times. 

Considerable numbers of fine particles (<1 µm) were observed in the samples after long milling 

times (Figure 2.8c–f and Figure 2.9b–e), but particles of coal could not be identified by energy 

dispersive X-ray spectrometry after milling, whereas particles of magnetite could be identified 

after 1 h of milling but not after 6 h (Figure 2.10), thus indicating that the coal and magnetite 
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particles were intensely comminuted and dispersed in the samples. Although the volume 

fractions relative to bulk (1.3 vol.%) of the mixtures of coal (1 wt.%) and magnetite (3.9 wt.%) 

were the same, the coal mixture was blacker than the magnetite mixture, probably owing to the 

relatively wider dispersion of finer coal particles, which are not as hard as magnetite particles 

(Mohs hardness: coal, 2.5; magnetite, 6; Hauserman, 1985). 

The heating experiment reproduced the frictional heating during earthquake slip. The 

large decrease of the L* value of only coal mixtures at temperatures above 400 °C may reflect 

pyrolysis of the coal, because the TG curve of the intact coal sample showed that pyrolysis 

occurred around that temperature (Figure 2.1), releasing gases composed mainly of naphthalene 

and normal chain aliphatic hydrocarbons (Figure 2.2). These gaseous organics could adsorb 

onto the surfaces of the montmorillonite particles, because selective adsorption of organic gas 

onto clay minerals has been reported (e.g., Volzone et al., 1999; Cheng & Huang, 2004; Breus et 

al., 2008; Heller & Zoback, 2014). In addition, comminution induces not only wearing, 

breakage, and distortion of materials but also increases the surface area and causes chemical 

activation (e.g., Hirono et al., 2013). Such mechanochemically activated surfaces of clay 

minerals generally have high adsorptive capacity (e.g., Lapides et al., 2002). Thus, adsorption 

likely occurred during our heating experiments. 

In friction experiments, the samples were both comminuted and heated, so after the 

experiments the mixed samples presumably exhibited the effects of both together. The highest 

temperature experienced during these experiments was estimated to be approximately 330 °C 

(Supporting Information Figure S2.2), which might not be high enough for high progress of 

pyrolysis of the coal and decrease the L* value (Figure 2.1 and 2.6, respectively). However, 

comminuted coal has more mechanochemically activated reactivity than intact coal particles, 

and pyrolysis of damaged coal, accompanied by the release of relatively large amounts of 

organic gases, can progress intensely at such low temperature (Zhang et al., 2007); thus, some 

organic gas could have been released by the mixed samples during the friction experiment. In 

fact, the microstructure of the mixed sample after the friction experiment resembled that of a 

mixed sample after a milling time of 2 h; moreover, the L* value of the former (64.730) was 
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considerably lower than L* value of the latter (73.632). These results suggest that both pyrolysis 

and adsorption occurred in the sample during the friction experiment. Therefore, the blackening 

observed after the friction experiment could have resulted from both comminution and pyrolysis 

effects; that is, fine coal particles became widely dispersed in the sample, and montmorillonite 

particles adsorbed organic gases produced by pyrolysis of the coal particles. Although Tanikawa 

et al. (2008), who conducted similar friction experiments, concluded that magnetic minerals 

dominantly control the blackening of fault-rock samples from the Chelungpu fault, we believe 

that the amount of magnetic minerals in the samples was too small (<1 wt.%) to account for the 

blackening (see Figure 2.4b and 2.5). 

After the friction and milling experiments, samples of 100 wt.% montmorillonite 

showed slight increases of L* values (Figure 2.3c and 2.5), possibly caused by roughness of the 

particle surface. Not all incident light is reflected by a powdered sample because surface 

irregularities (roughness) cause diffuse reflection (e.g., Christidis et al., 2004). The slight 

decreases of the L* value at high temperatures (>400 °C) in the 100 wt.% montmorillonite 

sample might be related to changes in the intercrystalline structure, because dehydroxylation 

occurs at such temperatures (e.g., Malek et al., 1997). 

Our experiments, which were carried out on synthetic mixtures of montmorillonite and 

bituminous coal and of montmorillonite and magnetite (Figure 2.11a), revealed that highly 

comminuted fine black particles were widely dispersed, and the surface area of black particles 

was probably also increased (Figure 2.11b). Such granulation is a characteristic feature of fault 

zones (e.g., Ben-Zion & Sammis, 2003), and the particles in fault gouge sometimes show a 

power law size distribution (Sammis et al., 1986). The presence of ultrafine particles, smaller 

than 10 nm, might also place constraints on the dynamic fields of the fault zone during a large 

earthquake (Sammis & Ben-Zion, 2008). In addition, a localized black slip zone composed of 

densely packed submicrometer-sized particles was produced in Pennsylvania slate and 

Rochester shale samples by friction generated at a low slip rate (~10–5 m s–1) (Ikari, 2015). 

Although Ikari (2015) did not report the concentration of CMs in the samples, slate and shale 

generally contain CMs such as vitrinite and inertinite; thus, dispersal of finely comminuted CMs 
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might have caused the blackening during their experiments. Taking into consideration the fact 

that comminution always occurs during earthquake slip, whether slow or fast, fault rock 

containing merely 1.3 vol.% of CM or black minerals (not only magnetite but also other black 

minerals such as biotite and amphibole) might become blackened as a result of the wide 

dispersal of fine particles of these materials in the fault gouge. However, our results showed that 

mixtures of montmorillonite and coal were greatly blackened at high temperature (Figure 2.11d), 

whereas those of montmorillonite and magnetite were not (Figure 2.11c). Therefore, the 

frictional heating that occurs during slip might induce drastic blackening through the pyrolysis 

of CM and the adsorption of the resulting gases onto clay mineral particles. Thus, not only the 

dispersal of fine black particles but also the adsorption of organic gases produced by pyrolysis 

might intensify the blackening of bulk samples during earthquake slip (Figure 2.11e). This 

blackening process in a fault zone may be recognizable geological evidence for an earthquake 

slip, especially along faults developed in sedimentary rocks (which typically include CM). 

 

 

Figure 2.11. Schematic diagrams of particle sizes and distributions and color changes 

due to adsorption of organic gases onto montmorillonite particles. (a) Initial state of a 

mixture of montmorillonite and coal particles. (b) Mixture of montmorillonite and coal 

or magnetite particles after milling. (c) Mixture of montmorillonite and magnetite after 

heating. (d) Mixture of montmorillonite and coal after heating. (e) Mixture of 

montmorillonite and coal after the friction experiment. 
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Other black rocks that occur in fault zones are (1) pseudotachylyte, which is usually 

glassy and black, similar to obsidian in appearance, owing to the presence of iron and 

magnesium impurities (e.g., Petrik et al., 2003); (2) fault gouge and cataclasite developed in 

pelitic schist, such as in the Anko outcrop along the Median Tectonic Line, Japan (Jefferies et al., 

2006); and (3) graphite-rich rocks, in which graphite is formed from gas-phase methane 

produced by the reaction of carbonate minerals with hydrogen under reducing conditions 

(Oohashi et al., 2014). In the second and third of these cases, the cause might be the mixing of 

black materials as demonstrated in our experiments. The alteration of minerals such as feldspar 

and clay minerals is often observed in fault gouges (e.g., Arancibia et al., 2014), but because 

CMs seldom undergo such secondary transformation, the record of blackening due to CMs 

should be preserved over a long geological period. 

For quantitative evaluation of the degree of blackening (change of the L* value) related 

to slip parameters, more advanced friction experiments performed under various conditions are 

required. In addition, the kinetics of the pyrolysis reaction must be evaluated to determine 

whether the reaction can progress during a short rise time. Thus, more analyses of materials of 

various types, integrated with laboratory experiments and kinetic evaluations, are required to 

account for the physicochemical and thermomechanical processes and reactions that occur in a 

slip zone to improve our understanding of fault zone blackening during earthquake slip. 
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Figure S2.1. Changes in the friction coefficient with slip displacement. 
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Figure S2.2. Temperature modeling during the friction experiment. (a) Sample column 

geometry used for calculation of the temperature distribution during the friction 

experiment. The specific heat capacities, thermal conductivities, and densities of brass, 

gabbro, Teflon, and sample used for the calculation are as follows: 385, 1000, 1000, and 

1100 J kg–1 K–1, respectively; 60, 3, 0.25, and 1.13 W m–1 K–1, respectively; 8710, 2950, 

220, and 2570 kg m–3, respectively. (b) The calculated temperature distribution when the 

sample reached to maximum temperature. 
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Figure S2.3. Photographs of all the samples before and after the experiments. (a) Pure 

montmorillonite and mixtures of montmorillonite and coal and of montmorillonite and 

magnetite. (b) Pure montmorillonite before and after milling and heating experiment. (c) 

Mixtures of montmorillonite and coal 1 wt.% before and after milling and heating 

experiment. (d) Mixtures of montmorillonite and magnetite 1 wt.% before and after 

milling and heating experiment. (e) Mixtures of montmorillonite and magnetite 3.9 

wt.% before and after milling and heating experiment. 
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Abstract 

Coseismic shear stress and slip distance affect subduction-related earthquake processes. 

They need to be understood to evaluate the earthquake’s mechanism, and the tsunami generation 

potential near trenches. The amount of frictional heat generated depends on the shear stress and 

slip distance, which are therefore able to be derived from the temperature recorded in the fault. 

Here we developed a new temperature proxy for carbonaceous materials (CMs) by performing 

spectroscopic, thermogravimetric, and organic elemental analyses in conjunction with heating 

experiments. We found marked anomalies in the infrared (IR) and Raman spectra and atomic 

compositions of CMs retrieved from the slip zone of an ancient megasplay fault in the 

Cretaceous Shimanto accretionary complex, Japan: the IR spectra show extinction of aliphatic 

C–H bonding and very weak aromatic C=C bonding, and the Raman spectra show a slightly 

elevated ratio of disordered band intensity to graphitic band intensity and relatively low H/O 

and O/C ratios. These correlate well with the spectral features of host-rock CMs after heating to 

600 °C. Thus, we conclude that the slip zone experienced a temperature of 600 °C during a past 

earthquake event, indicating coseismic slip of 2–9 m, which could have generated a large 

tsunami if the ruptures propagated to the seafloor. 

 

 

3.1. Introduction 

The largest earthquakes are usually generated in plate subduction zones, where most of 

the world’s seismic moment release occurs (Scholz, 2002). The complicated tectonic structure 

of subduction zones includes the plate-boundary megathrust and décollement, frontal thrusts, 

and megasplay faults, which branch from the deep portion of the megathrust. Such structural 

features have been observed globally, including along the Nankai Trough (Tsuji et al., 2015), in 

Alaska (Plafker, 1972), along the Sunda margin (Kopp & Kukowski, 2003), and off Colombia 

(Collot et al., 2004). Importantly, not only the plate-boundary fault but also megasplay faults 

have the potential to trigger a gigantic tsunami if the rupture propagates to the seafloor (Park et 

al., 2002; Moore et al., 2007). To understand the mechanism of great subduction earthquakes, 
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geological studies of ancient seismogenic subduction faults exhumed in onland accretionary 

complexes such as the Shimanto and Alaska accretionary complexes have succeeded in 

providing important information about the characteristics of fault-zone materials (e.g. Rowe et 

al., 2009; Honda et al., 2011). 

The maximum temperature recorded in the fault rock is key information for estimating 

the slip parameters during an earthquake, because the amount of heat produced by slip is 

directly related to shear stress and slip distance. Laboratory experiments and chemical kinetic 

evaluations, as reviewed by Rowe & Griffith (2015), have identified several proxies sensitive to 

frictional heat and coseismic slip. For example, thermal decomposition of carbonate minerals 

has been detected in both synthetic fault rocks produced by high-speed (on the order of a meter 

per second) friction experiments (Han et al., 2007) and natural fault gouges (Hirono et al., 2007), 

and the progress of dehydroxylation reactions of clay minerals during and after an earthquake 

has been determined by a kinetic evaluation (Hirono et al., 2008). However, some uncertainties 

are associated with the use of these reactions to estimate frictional heat because the actual 

reacted fraction due to earthquake slip is obscured by the reversibility of reactions through 

dissolution and recrystallization. Nonreversible proxies, such as the formation of magnetite by 

thermal decomposition of paramagnetic minerals and anomalies in the concentrations of 

fluid-mobile trace elements (Sr, Cs, Rb, and Li) and in Sr isotope ratios, have been applied to 

fault gouge from the Taiwan Chelungpu fault, which slipped during the 1999 Chi-Chi 

earthquake (Ishikawa et al., 2008; Mishima et al., 2009), but their utility is limited because they 

can only constrain the experienced temperature to ≥400 °C and ≥350 °C, respectively. 

Therefore, we have studied nonreversible reactions of carbonaceous materials (CMs; 

insoluble organic matter) in relation to temperature, evaluating their potential as proxies for the 

heat record experienced by fault rocks during earthquake slip. Thermal maturation of organic 

materials has often been investigated to evaluate the temperature history associated with the 

burial of sedimentary rocks. In addition, vitrinite reflectance is a widely used geothermometer 

not only for burial processes occurring on a geological timescale (e.g., Underwood et al., 1993), 

but also for rapid heating due to frictional slip with a duration on the order of several tens of 
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seconds (e.g., Kitamura et al., 2012; Maekawa et al., 2014; Furuichi et al., 2015). Although 

Kitamura et al. (2012) suggested that, in addition to temperature, shear strain during 

high-velocity friction can affect reflectance changes of CMs, as had been indicated previously 

(e.g., Ross & Bustin, 1990; Wilks et al., 1993; Bustin et al., 1995), recent high-velocity friction 

experiments have shown that shear strain does not greatly enhance the maturation of CMs 

(Furuichi et al., 2015; Hirono et al., 2015). Therefore, we did not consider the effect of shear 

strain on the maturation of CMs in this study. Hirono et al. (2015) recently used Raman and 

infrared (IR) spectroscopy to examine the organochemical characteristics of CMs both in 

samples from the Chelungpu fault, Taiwan, and in products obtained by performing heating and 

friction experiments on host-rock samples. They detected marked anomalies in the Raman and 

IR spectra of the slip zone samples, and by comparing those anomalies with anomalies in the 

experimental products, they succeeded in estimating the temperature and slip parameters of the 

1999 Chi-Chi earthquake. 

In this study, we have examined the organochemical characteristics of CMs retrieved 

from an out-of-sequence thrust (OST) adjacent to the Kure Mélange (hereafter, the Kure OST) 

in the Shimanto accretionary complex. The Kure OST is considered to be an excellent analogue 

of megasplay faults observed at present in the Nankai subduction zone (Mukoyoshi et al., 2006). 

We used the results of multiple analyses, including Raman and IR spectroscopy, organic 

elemental analysis, pyrolysis–gas chromatography–mass spectrometry (py-CG/MS), and 

thermogravimetry (TG)–differential scanning calorimetry (DSC), in conjunction with heating 

experiments to estimate the maximum temperature experienced by the fault rock and the fault 

slip parameters. Then, from these estimates, we inferred the slip behavior that could explain 

them and, thus, the fault’s tsunamigenic potential. 

 

 

3.2. Materials and methods 

3.2.1. Geological background 

Several OSTs are developed in and around the Cretaceous Nonokawa Formation and the 
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Kure Mélange in the Shimanto accretionary complex, southwest Japan (Figure 3.1a). The 

deformed zone (~500 mm thick) of a representative OST exhibits several structural components: 

an outer fracture-damaged zone, cataclasite, and a narrow, black shear-localized slip zone 0.5–

10 mm thick (Figure 3.1b). The formation depth of the slip zone has been estimated from 

vitrinite reflectance data to be 2.5–5.5 km (Mukoyoshi et al., 2006). The slip zone is composed 

of ultracataclasite and an opaque black material that under the microscope can be seen to 

contain microlites, vesicles, and plagioclase and K-feldspar embayment structures; thus, it is 

composed partly of a former friction melt, or pseudotachylyte (Mukoyoshi et al., 2006). The 

hanging wall and footwall are composed of greenish shale and sandstone of the Nonokawa 

Formation, respectively. Honda et al. (2011) reported geochemical evidence that frictional 

heating in the slip zone was ≥350 °C, but the upper limit of the temperature experienced could 

not be constrained by the method/analyses they used. 

 

 
Figure 3.1. (a) Index map and simplified structural map of the area around the Kure 

OSTs, modified from Honda et al. (2011). ATL, Aki Tectonic Line; BTL, Butuzo 

Tectonic Line. (b) Photograph of the deformed zone of a representative OST showing 

the sampling points of our study. The host rock is not shown in this photograph. 
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We collected five samples from the slip zone and the surrounding deformed and host 

rocks from which to extract CMs for analysis of their organochemical characteristics (Figure 

3.1b); two samples (SZ01 and SZ02) were collected from the slip zone, one from the 

fracture-damaged zone, one from a lenticular sandstone clast within the deformed zone, and one 

from the footwall host rock. The collected slip-zone samples were bulk samples, so they were 

not representative of small areas within the slip zone. 

 

 

3.2.2. Extraction of CMs 

CMs in the rock samples were extracted by the following HCl-HF method. The rock 

samples were first treated with 6 N HCl for a few days to remove metals, sulfides, and 

carbonates. The treated samples were allowed to settle for one day, and then the supernatant 

liquid was removed, and the precipitates were rinsed with distilled water several times. Next, 

the precipitates were treated with 27 N HF for several days to remove silicates, and then again 

with 6 N HCl to remove fluoride by-products. The final solid residues, corresponding to the 

insoluble CMs, were dried at 50 °C. The concentrations of CMs in the bulk samples were 0.02–

1.96 wt.%. 

 

 

3.2.3. Heating experiment 

To reproduce heating during earthquake slip, we heated CMs retrieved from the host 

rock in the TG-DSC apparatus to target temperatures of 100, 200, 300, 400, 500, 600, 700, 800, 

900, and 1000 °C. Although the rate of temperature rise during an earthquake is generally 

several tens to several hundreds of degrees per second, we adopted a heating rate of 50 °C min–1 

in our experiments owing to a limitation of the apparatus. An Ar gas atmosphere was adopted 

because the natural condition of faults at depth is expected to be anoxic (e.g. Wakita et al., 

1980). Although the thermal diffusivities of the bulk rock and CM differed, the difference in 

their temperature profiles during the heating experiment was only several tens of degrees 
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(Supporting Information Figure S3.1), which, because it is much smaller than the temperature 

step, did not affect interpretation of the heating experiment results. 

 

 

3.2.4. Characterization of the host-rock CM by TG-DSC and py-GC/MS 

Baseline thermo- and organochemical information, that is, TG-DSC curves and 

pyrograms, about the CM in the surrounding host rock is required to evaluate the changes that 

may have been induced by heating in the slip zone. 

Approximately 20 mg of the host-rock CM was heated from room temperature to 

1000 °C at a rate of 20 °C min–1 in an Ar atmosphere. The resultant TG curve showed a mass 

loss that started at 100 °C, became more rapid at 450–550 °C, and reached 16 wt.% at 1000 °C, 

whereas the DSC curve showed three endothermic peaks, at 100, 350, and 500 °C, and an 

exothermic peak at around 850 °C (Figure 3.2a). 

To analyze the thermo- and organochemical properties on a molecular level, we used a 

py-GC/MS system consisting of a pyrolyzer (EGA/PY-3030D, Frontier Lab) directly coupled to 

a gas chromatograph–mass spectrometer (GCMS-QP2010 SE, Shimadzu) equipped with an 

UltraALLOY-5 column (30 m length, 0.25 mm inner diameter, 0.25 µm film thickness). 

Approximately 3 mg of the CM was heated from 100 to 400 °C at a rate of 50 °C min–1 and held 

at 400 °C for 1 min under vacuum, and the gas-phase pyrolysate was collected in a cryotrap and 

analyzed by GC/MS. We also prepared CM that was pre-heated to 400 °C using the TG-DSC 

apparatus. Then, approximately 3 mg of the pre-heated sample was heated from 400 to 1000 °C 

at the rate of 50 °C min–1 and held at 1000 °C for 1 min. The gas-phase pyrolysate released from 

the sample was also analyzed by GC/MS. For our GC/MS analysis, helium was adopted as the 

carrier gas at a flow rate of 1 mL min–1 and a split rate of 50 (where a higher split rate means a 

lower concentration of organic gas injected into the GC/MS system). The injection temperature 

was 300 °C, and the column temperature program was as follows: hold at 40 °C for 2 min, heat 

to 310 °C at 15 °C min–1, and hold at 310 °C for 10 min. The mass spectrometer was operated in 

electron ionization mode (70 eV, scan range m/z 35–600), and the ion source temperature was 
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maintained at 230 °C. The pyrolysates were identified by comparing their mass spectra with the 

reported spectra of standards in the library of the National Institute of Standards and Technology. 

The pyrolysate produced at 100–400 °C was composed mainly of cycloalkanes and bicyclic or 

polycyclic aromatic molecules such as phenanthrene, naphthalene, and fluorene (Figure 3.2b), 

whereas that emitted at 400–1000 °C was dominated by single-ring aromatic molecules such as 

benzene, toluene, and phenol (Figure 3.2c). No peaks of n-alkanes or other aliphatic 

hydrocarbonyl chain molecules were detected on either pyrogram (Figure 3.2b and c). 
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Figure 3.2. Thermogravimetric profile and gas chromatographs of CMs from host rock: 

(a) thermogravimetric (TG) and differential scanning calorimetric (DSC) curves in the 

50–1000 °C temperature range. (b) Pyrogram obtained by heating the sample from 100 

to 400 °C. (c) Pyrogram obtained by heating the sample from 400 to 1000 °C. 
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3.2.5. IR spectroscopy 

IR spectroscopy has been traditionally used for organochemical characterization of CMs 

(e.g., Bent & Brown, 1961), and representative IR absorptions of CMs have been well reported 

(e.g., Stuart, 2004): a broad band at around 3400 cm–1 is attributable to O–H stretching of 

adsorbed water and O–H stretching of phenol; sharp peaks at around 2960, 2930, and 2860 cm–1 

are attributable to asymmetric aliphatic CH3 stretching, asymmetric aliphatic CH2 stretching, 

and symmetric aliphatic CH2 stretching vibrations, respectively; a small peak at around 1680 

cm–1 is attributable to C=O stretching of carbonyl groups; a sharp peak at around 1600 cm–1 is 

attributable to aromatic C=C stretching vibration; and sharp peaks at around 1455 and 1375 cm–

1 are attributable to asymmetric aliphatic CH3 bending and symmetric aliphatic CH3 bending 

vibrations, respectively. 

We used a Fourier transform IR spectrometer (FT/IR-4700, Jasco) equipped with an IR 

microscope (IRT-5200, Jasco) to obtain IR absorption spectra of both the CMs retrieved from 

the slip zone and surrounding host-rock samples, as well as the products of the heating 

experiments. The samples were hand-pressed to avoid saturation of IR transmission spectra and 

placed on a CaF2 plate. Before the IR analyses, all samples and plates were dried at 50 °C for 

several hours, because adsorbed water on the targeted surface affects the IR spectra (because the 

water can be released at the analysis temperature). To acquire one IR spectrum, one hundred 

spectra were accumulated under the following measurement conditions: wavenumber resolution 

of 4 cm–1; wavenumber range of 4000–1000 cm–1; 50 x 50 µm2 aperture size; and removal of 

the background by a blank CaF2 plate. Because, in accordance with the Lambert-Beer law, IR 

absorbance depends on the sample thickness and the concentration of the target substance, 

sample thickness was roughly controlled to several tens of micrometers. 

 

 

3.2.6. Raman spectroscopy 

Raman spectroscopy is widely used for the characterization of CMs: recent progress is 

well reviewed by Potgieter-Vermaak et al. (2010). The Raman spectrum of CM generally 
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includes disordered (D, 1355–1380 cm–1) and graphite (G, 1575–1620 cm–1) bands (Tuinstra & 

Koenig, 1970). The intensity ratio of the D and G bands (ID/IG) and the ratio of the D band area 

(AD) to the total area of all bands (including the G band) of CMs increase with pyrolysis 

temperature (Wopenka & Pasteris, 1993; Li et al., 2006). 

Although some studies have adopted a complicated waveform separation of four 

sub-peaks at around 1350–1700 cm–1 (e.g., Beyssac et al., 2002; Furuichi et al., 2015), the 

attribution of the sub-peaks at the molecular level is not based on complete physicochemical 

understanding. Therefore, we used only the D and G bands for our spectroscopic analysis. We 

used a Raman microspectrometer equipped with a 532 nm laser (XploRa, Horiba Jobin Yvon) 

for both the CMs retrieved from the slip zone and surrounding host rocks and the products of 

the heating experiments. All samples were dried at 50 °C for several hours just before the 

measurements. The spectra were measured for each point with exposure time of 10 s, a laser 

spot size of 5 µm, and laser power of 0.13 mW on the targeted surface. The intensities and areas 

of the D and G bands were determined by using PeakFit 3.0 software (Systat Software) after a 

baseline correction to remove fluorescence interference. A representative combination of 

observed and fitted spectra for each sample is shown in Supporting Information Figure S3.2. 

For each sample, spectra were obtained from 10 points, and the average values of ID/IG and 

AD/AG at the 10 points were adopted. 

 

 

3.2.7 Organic elemental analysis 

Organic materials are classified according to their organochemical composition (Tissot 

& Welte, 1984). CMs such as coal and kerogen are mainly composed of carbon (C), hydrogen 

(H), oxygen (O), sulfur (S), and nitrogen (N) (e.g., Hatcher & Breger, 1982), and the content of 

each component depends on the original source (e.g. marine or terrestrial) and the degree of 

maturation (e.g., Behar & Vandenbroucke, 1987). Laboratory heating experiments have 

demonstrated systematic changes in the elemental composition of organic materials with 

increasing temperature (e.g., Schnitzer & Hoffman, 1965). The atomic ratios of elements 
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composing the materials have also been used as maturation indices of CMs: Sawada et al. 

(2000) demonstrated experimentally that the H/C ratio of carbonized wood decreases with 

increasing temperature, and Spokas (2010) confirmed the systematic correlation between 

pyrolytic temperature and the O/C ratio of various CMs. A van Krevelen diagram (on which the 

atomic O/C ratio is plotted on the X-axis and the atomic H/C ratio on the Y-axis) is an accepted 

method of evaluating the degree of maturation (van Krevelen, 1961). 

Elemental compositions of both the CMs retrieved from the slip zone and surrounding 

host rocks and the products of the heating experiments were measured with an elemental 

analyzer (Flash EA 1112, Thermo Finnigan). Approximately 1 mg of dried sample wrapped with 

tin (Sn) film was first heated to 1000 °C to dissolve the film and then combusted at 1800 °C in a 

quartz column. In the CHNS measurement mode, N2, SO2, CO2, and H2O from the heated 

sample were separated in a quartz tube filled with copper oxide as an oxidant and with reduced 

copper as a reductant. Helium was adopted as both the carrier and reference gas at flow rates of 

130 and 100 ml min–1, respectively. In the O measurement mode, a carbon nickel plate, quartz 

turning, soda lime, and magnesium perchlorate in the quartz tube were used to extract CO gases 

from the pyrolysates. Flow rates of helium, used as both the carrier and reference gas, were 130 

and 100 ml min–1, respectively. The concentration of each separated gas was measured by the 

analyzer. Sulfanilamide (C, 41.84 wt.%; H, 4.68 wt.%; N, 16.27 wt.%; S, 18.62 wt.%; O, 18.58 

wt.%) was used as a standard substance to obtain a calibration curve for each element, and the 

resultant accuracies of the H/C and O/C ratios were within 0.001. 

 

 

3.3. Results 

3.3.1. IR spectra of CMs of the Kure OST and surrounding rocks 

The IR spectra of the CMs from all samples except SZ02 exhibited sharp absorbance 

peaks at around 2960, 2930, and 2860 cm–1, which were attributed to asymmetric aliphatic CH3 

stretching, asymmetric aliphatic CH2 stretching, and symmetric aliphatic CH2 stretching 

vibrations, respectively. In contrast, these peaks were hardly detectable in SZ02 (Figure 3.3a). 
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Weak peaks at around 1455 and 1375 cm–1, attributed to asymmetric aliphatic CH3 bending and 

symmetric aliphatic CH3 bending vibration, respectively, were also observed in SZ01 and the 

host-rock and fractured zone samples but not in SZ02 or the sandstone clast sample. All samples 

exhibited peaks at around 1600 cm–1, attributed to aromatic C=C stretching vibration, but in 

SZ02 and the sandstone clast, this peak was relatively broad and weak. All samples exhibited 

small peaks at around 3050 cm–1, attributed to aromatic C–H stretching vibration, but the peak 

in SZ02 was much weaker than in the other samples. 

 

 

3.3.2. Raman spectra of CMs of the Kure OST and surrounding rocks 

All samples showed broad bands at around 1355 cm–1 (D band) and 1600 cm–1 (G band) 

(Figure 3.3b). The peak intensity ratios (ID/IG) and the band area ratios (AD/AG) are given in 

Table 1. The ID/IG ratio of SZ02 and fractured rock is 0.622 ± 0.010 and 0.617 ± 0.011, 

respectively, whereas the ratios of SZ01, the host rock, and the sandstone clast are relatively low 

(0.587 ± 0.007, 0.575 ± 0.007, and 0.580 ± 0.008, respectively). AD/AG ratio in the slip zones 

(SZ01 and SZ02) are 1.618 ± 0.114 and 1.586 ± 0.064, respectively, whereas the ratio in the 

surrounding host/deformed rocks is slightly lower: 1.322 ± 0.072, 1.500 ± 0.061, and 1.458 ± 

0.066 for host rock, fractured zone, and sandstone clast, respectively. 

 

Table 3.1. Raman spectra D and G band ratios (mean ± SD, n = 10) and organic elemental 

components of the CMs retrieved from the Kure OST and the surrounding deformed rocks and 

host rock. 

Structure 
Raman spectra Organic elements and atomic ratios 

ID/IG AD/AG C (mol/100 g) H (mol/100 g) O (mol/100 g) H/C O/C 

Slip zone 01 0.587 ± 0.007 1.618 ± 0.114 5.849 3.481 0.367 0.595 0.063 

Slip zone 02 0.622 ± 0.010 1.586 ± 0.064 5.245 2.274 0.221 0.434 0.042 

Sandstone 
clast 

0.580 ± 0.008 1.458 ± 0.066 6.736 4.920 0.219 0.730 0.033 

Fractured 
rock 

0.617 ± 0.011 1.500 ± 0.061 6.317 4.464 0.392 0.707 0.062 

Host rock 0.575 ± 0.007 1.322 ± 0.072 4.406 4.458 0.359 1.012 0.082 
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Figure 3.3. IR and Raman spectra of the CMs from the Kure OST and of the products 

resulting from heating host-rock CMs in a series of heating experiments. (a) IR spectra 

and (b) Raman spectra of CMs from the Kure OST and surrounding deformed and host 

rocks. (c) IR spectra and (d) Raman spectra of the products obtained by heating the 

host-rock CMs to the indicated temperatures. SZ, slip zone; SC, sandstone clast; FR, 

fractured rock; HR, host rock; RT, room temperature. 

 

 

3.3.3. Organic elemental compositions of CMs of the Kure OST and surrounding rocks 
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The elemental compositions (concentrations of C, H, and O) and the atomic ratios of 

H/C and O/C of all samples are given in Table 1. Although no systematic differences in the C or 

O content were detected among the samples, the H concentration in the slip zone (SZ01, 3.481; 

SZ02, 2.274) is low compared with that in the other samples (range, 4.458–4.920). The H/C 

ratios in the slip zone (SZ01, 0.595; SZ02, 0.434) are lower than the ratios in the host and 

deformed rocks (range, 0.707–1.012). The highest O/C ratio was observed in the host rock 

(0.082); in the slip zone and deformed zone, the ratio ranged from 0.033 to 0.063. 

 

 

3.3.4. IR spectra of host-rock CMs after heating 

The IR spectra of the host-rock CMs after heating are shown in Figure 3.3c. The 

absorbance peaks due to aliphatic components (2960, 2930, 2860, 1455, and 1375 cm–1) 

disappear after heating to 600 °C. The sharp peak of aromatic C=C at 1600 cm–1 becomes weak 

after heating to 600 °C and disappears when the materials were heated to 800 °C; the aromatic 

C–H peak at 3050 cm–1 also becomes weak after heating to 600 °C and almost completely 

disappears after heating to 700 °C. 

 

 

3.3.5. Raman spectra of host-rock CMs after heating 

The Raman spectra of the products of the heating experiments are shown in Figure 3.3d. 

All heated products exhibit D and G bands (1355 and 1600 cm–1), but the intensity of the D 

band relative to that of the G band increases with increasing temperature. The intensity ratio 

(ID/IG) and band area ratio (AD/AG) of all products and the starting CM are summarized in Table 

2. The ID/IG ratio increased slightly when the temperature was elevated to 400 °C (from 0.575 ± 

0.007 to 0.595 ± 0.008), and it increased drastically with heating to 500 °C and higher, reaching 

1.166 ± 0.014 at 1000 °C. In contrast, the AD/AG ratio did not show any systematic change 

below 700 °C (ranging from 1.400 ± 0.076 to 1.672 ± 0.026), but it increased greatly as the 

temperature was elevated to 800 °C and above, reaching 2.418 ± 0.245 at 1000 °C. We compare 



Chapter 3. Heat Recorded in CM from Plate-subduction Fault 

 61 

these changes with temperature to the ratios obtained for the host-rock (starting CM) and 

slip-zone samples (Figure 3.4). 

 

Table 3.2. Raman spectra D and G band ratios (mean ± SD, n = 10) and organic elemental 

components of products obtained by heating the host-rock CMs. 

Heating 
temperature 

(°C) 

Raman spectra Organic elements and atomic ratios 

ID/IG AD/AG C (mol/100 g) H (mol/100 g) O (mol/100 g) H/C O/C 

RT 0.575 ± 0.007 1.322 ± 0.072 4.406 4.458 0.359 1.012 0.082 

100 0.583 ± 0.008 1.553 ± 0.092 4.072 3.355 0.374 0.824 0.092 

200 0.579 ± 0.008 1.497 ± 0.051 4.440 3.555 0.321 0.801 0.072 

300 0.590 ± 0.006 1.400 ± 0.076 4.130 3.095 0.337 0.749 0.082 

400 0.595 ± 0.008 1.479 ± 0.042 3.761 2.263 0.364 0.602 0.097 

500 0.606 ± 0.007 1.510 ± 0.047 4.378 2.489 0.268 0.568 0.061 

600 0.638 ± 0.007 1.672 ± 0.026 4.691 1.660 0.192 0.354 0.041 

700 0.695 ± 0.012 1.553 ± 0.073 4.546 0.554 0.148 0.122 0.033 

800 0.890 ± 0.012 1.713 ± 0.021 4.546 0.674 0.122 0.148 0.027 

900 1.046 ± 0.018 2.119 ± 0.201 3.985 0.278 0.085 0.070 0.021 

1000 1.166 ± 0.014 2.418 ± 0.245 4.872 0.240 0.108 0.049 0.022 
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Figure 3.4. Temperature dependences of Raman spectral parameters. (a) ID/IG ratios and 

(b) AD/AG ratios of the CMs from the Kure OST samples and of the products obtained 

by heating the host-rock CMs. 

 

 

3.3.6. Organic elemental compositions of host-rock CMs after heating 

The elemental compositions and the atomic ratios of H/C and O/C in the host-rock CMs 

after heating are summarized in Table 2. Although the C content did not show any remarkable 

change with temperature, the H and O contents tended to decrease with increasing temperature. 

The H/C ratio decreased systematically with increasing temperature, and it decreased sharply 

from 500 to 700 °C. The O/C ratio did not show any systematic change below 400 °C, but 

above that, it decreased significantly. We compared the changes in the H/C and O/C ratios with 

temperature to those in the host-rock (starting CM) and slip-zone samples (Figure 3.5a and b, 

respectively). 
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Figure 3.5. Organic elemental compositional data of the CMs from the Kure OST 

samples and of the products obtained by heating the host-rock CMs. (a) H/C ratio. (b) 

O/C ratio. (c) The results plotted on a van Krevelen diagram together with information 

on kerogen types. Large black arrows indicate the trend of thermal maturation. 
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3.4. Discussion 

3.4.1. Characterization of CMs from the host rock 

Because the chemical structure of a CM dramatically affects the maturation (also 

graphitization) process (e.g., Oberlin, 1984), we first discuss the thermo- and organochemical 

characteristics of the CM retrieved from the host rock and used in the heating experiments. The 

H/C and O/C atomic ratios of the unheated material (1.012 and 0.082, respectively) corresponds 

to those of Type II kerogen, which is derived mainly from marine muddy sediments (Hunt, 

1995) (Figure 3.5c). These ratios are the characteristics of high-volatile bituminous coal 

(Hatcher & Breger, 1982). 

Bituminous coal is generally composed of massive aromatic nuclei, and these aromatic 

aggregations are linked by aliphatic hydrocarbon chains (e.g., Mathews & Chaffee, 2012). 

Diagenesis on a geological timescale induces breakage of weak bonds, aromatization, and 

structural rearrangement (Behar & Vandenbroucke, 1987). Conversely, rapid heating triggers 

pyrolysis together with the release of a gas-phase volatile fraction composed mainly of various 

low-molecular-weight hydrocarbons (e.g., Lievens et al., 2013). 

The host-rock CM in this study showed a large weight loss and endothermic peaks on 

the TG-DSC curves, clearly indicating that heating causes pyrolysis of these materials (Figure 

3.2a). In the 100–400 °C temperature range, thermal breakage of weak aliphatic chains is the 

dominant process (e.g., Xu et al., 2014), and it is accompanied by the release of 

low-molecular-weight organic gases. These processes are reflected in the 100–400 °C pyrogram, 

on which peaks of bicyclic and polycyclic aromatics such as phenanthrene, naphthalene, and 

fluorene are prominent (Figure 3.2b), as well as endothermic peak with a little weight loss at 

around 350 °C (Figure 3.2a). Gasthauer et al. (2008) demonstrated that polycyclic aromatic 

compounds with more than two aromatic rings can be released from asphalt at ≥160 °C, which 

supports our observation that such aromatic compounds are subject to decomposition in the 

100–400 °C temperature range due to thermal breakage of aliphatic C–H chains. The 

decomposition of aromatic nuclei occurs dominantly at around the 450–500 °C temperature 

range (e.g., Peuravuori et al., 1999), which could account for the endothermic peak at around 
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500 °C in DSC curve (Figure 3.2a). In actuality, the volatile fractions released at over 400 °C 

were composed mainly of benzene, phenol, and toluene, and were much greater compared with 

those released due to thermal breakage of aliphatic C–H chains (Figure 3.2c), indicating that not 

only breakage of aliphatic C–H chains but also decomposition of aromatic nuclei could 

contribute to a large weight loss at around 500 °C (Figure 3.2a). We attribute the sharp 

exothermic peak at 850 °C on the DSC curve to the growth of aromatic rings (Figure 3.2a).  

 

 

3.4.2. Changes in spectroscopic characteristics of CMs from the host rock after heating 

and from the slip zone 

The disappearance of the absorbance peaks of aliphatic CH2 and CH3 at 2960, 2930, and 

2860 cm–1 at 600 °C may have been caused by the extinction of aliphatic C–H bonding. The 

disappearance of the aromatic C=C (1600 cm–1) and C–H (3050 cm–1) peaks at 600 °C may 

have been caused by thermal decomposition of aromatic components, and it coincided with the 

large endothermic weight loss on the TG-DSC curves at the 450–550 °C temperature range and 

the release of gas-phase toluene and other methyl aromatic compounds on the 400–1000 °C 

pyrograms. 

The large increase in the ID/IG ratio above 600 °C together with the exotherm peak can 

be attributed to the growth of aromatic rings and the formation of stronger C–C bonds, that is, 

aromatization. The AD/AG ratio showed no systematic change at ≤700 °C but increased at 

≥800 °C, probably also a result of aromatization. 

In the CMs from slip zone sample SZ02, no or very weak aliphatic peaks were observed 

but slight aromatic peaks were detected on the IR spectrum. Comparison of that spectrum with 

the results of the heating experiments suggests that the slip-zone materials may correspond to 

the product obtained after heating host-rock materials to 600 °C. This correspondence is 

supported by the ID/IG ratio of SZ02, which roughly coincided with that of 600 °C heated 

product. The spectra of the other slip zone sample (SZ01) and its ID/IG and AD/AG ratios were 

similar to those of the product after 500 °C heating. 
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3.4.3. Changes in organic elemental compositions of CMs from the host rock after heating 

and from the slip zone 

On the van Krevelen diagram (Figure 3.5c), the H/C ratios of the heated CMs retrieved 

from the host rock systematically decreased with increasing temperature, as did the O/C ratios, 

although less systematically. These trends basically coincide with those of maturation through 

diagenesis, but the rapid heating at 50 °C min–1 in our study demonstrated that large shifts due 

to the thermal breaking of aliphatic C–H bonds, decomposition of some aromatic components 

and subsequent aromatization, observed in the spectroscopic and thermochemical results, can 

also occur. 

On the diagram, the slip zone samples SZ01 and SZ02 plot near the 500 and 600 °C 

heated products, respectively, and the fractured rock plot close to the 200 and 300 °C heated 

product, but the sandstone clast plot away from the trend line of the heated product. 

 

 

3.4.4. Maximum temperature experienced by the Kure OST and constraints on slip 

parameters 

Our analyses, in which IR and Raman spectroscopic and organic elemental analyses 

were integrated with a heating treatment, revealed that the Kure OST slip zone experienced high 

temperatures of 500 °C (SZ01) and 600 °C (SZ02): The IR spectra of SZ01 show sharp aliphatic 

CH2 and CH3 peaks and aromatic C=C and C–H peaks, indicating that SZ01 had not 

experienced high temperatures of ≥600 °C. Moreover, the Raman spectral parameters and 

elemental compositions of SZ01 were similar to those produced by heating CM extracted from 

host-rock samples up to 500 °C. In contrast, the IR spectra of SZ02 showed no aliphatic CH2 

and CH3 peaks and weak aromatic C=C and C–H peaks, indicating that SZ02 had experienced 

high temperatures of ≥600 °C. In addition, the Raman spectral parameters and elemental 

compositions of SZ02 were similar to those produced by heating CM extracted from host-rock 

samples up to 600 °C. Thus, despite the presence of microstructures such as microlites and 

quartz embayment structures, suggesting pseudotachylyte with maximum temperature of 650–
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1100 °C, as previously reported in the same fault zone (Mukoyoshi et al., 2006), we concluded 

that the slip zone had experienced temperatures of 500–600 °C. The inconsistency between 

these temperatures and the temperature suggested by the presence of pseudotachylyte might be 

explained by flash heating occurring at microscale, which might have generated temperatures 

high enough to induce localized melting. The maturation process by heating could be attributed 

mainly to thermal breakage of aliphatic C–H chains and of aromatic C=C and C–H bonds. 

Next, we estimated the slip parameters of the Kure OST on the basis of these 

experienced temperatures. The change in temperature in a slip zone can be expressed by the 

following one-dimensional heat and thermal diffusion equation: 

𝜕𝑇
𝜕𝑡

−
𝜕
𝜕𝑥

𝜅
𝜕𝑇
𝜕𝑥

−
𝜕
𝜕𝑡

𝜏𝐷
𝑤𝐶+𝜌

= 0 (3.1) 

where T is temperature (K), t is elapsed time after the beginning of slip (t = 0) (s), κ is thermal 

diffusivity (m2 s–1), x is the distance from the center of the slip zone (x = 0) (m), τ is shear stress 

(Pa), D is slip distance (m), w is slip-zone thickness (m), Cp is specific heat capacity (J kg–1 K–1), 

and ρ is density (kg m–3). For simplicity, convective heat transfer, endothermic processes, slip 

plane roughness (flash heating), and dynamic fault weakening are ignored. For κ and Cp, we 

used the values 4.0 x 10–7 m2 s–1 and 1750 J kg–1 K–1, respectively, obtained from a sample 

retrieved from a modern megasplay fault in the Nankai Trough (Hirono et al., 2009). The actual 

thickness, 1 cm, of the localized shear zone was adopted, and the density was assumed to be 

1850 kg m–3, as reported from a modern megasplay fault in Nankai Trough (Kinoshita et al., 

2009). If it is assumed that the stress normal to the fault was equal to a hydrostatic stress state, 

in which horizontal stress is equal to the vertical stress, then the amount of frictional heat 

produced during slip is directly related to the product of the friction coefficient (µ), vertical 

stress, and slip distance. However, the friction coefficient of the slip zone in the Kure OST is 

not known, and the burial depth of the rocks around the OST ranged from 2.5 to 5.5 km, as 

estimated by a vitrinite reflectance analysis (Mukoyoshi et al., 2006); therefore, we used three 

typical values of µ (0.1, 0.3, and 0.5) and depths of 3, 4, and 5 km. The slip rate during past 

Nankai earthquakes is also an unknown parameter, so we adopted three values (0.1, 0.5, and 1.0 

m s–1). We also assumed a seafloor temperature of 4 °C and a geothermal gradient of 50 °C km–1. 
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By numerically solving equation (1) using a 0.1 s time increment, a 0.5 mm grid size, and a 

constant temperature at x = 200 mm as the boundary condition, we obtained values for the slip 

necessary to achieve temperatures of 500 and 600 °C for each combination of µ, depth, and slip 

rate (Figure 3.6). 

 

 
Figure 3.6. Results of numerical simulations showing the relationship between slip rate 

and displacement at three different depths and for three different values of the friction 

coefficient (µ): (a) 3 km depth, µ = 0.1; (b) 4 km depth, µ = 0.1; (c) 5 km depth, µ = 0.1; 

(d) 3 km depth, µ = 0.3; (e) 4 km depth, µ = 0.3; (f) 4 km depth, µ = 0.4: (g) 3 km depth, 

µ = 0.5; (h) 4 km depth, µ = 0.5; and (i) 5 km depth, µ = 0.5. 

 

High values of µ restrain the amount of slip distance, but recent high-speed friction 
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experiments have revealed very low friction, µ of ~0.1, for various rocks (e.g. Di Toro et al., 

2011); therefore, µ = 0.1 is likely during earthquakes. Thus, a single earthquake event could 

potentially produce 2–9 m slip distance (Figure 3.6a–c). A slip distance of this magnitude is 

consistent with historical records of large tsunamis generated by earthquakes (Ando, 1975; 

Furumura et al., 2011). 

Numerous branching faults developed around the Kure OST show a large cumulative 

slip distance of 2.5–8.5 km (Mukoyoshi et al., 2006), and our targeted slip zone might have 

contributed to the large accumulation of slip. Thus, a localized slip zone might not have 

experienced multiple earthquake events. The branching system around the subduction boundary 

may play an important role not only in the evolution of the accretionary prism but also in 

rupture propagation from the deep portion of the plate interface and thus in generation of a large 

tsunami in the case that such a large slip propagates to the seafloor and uplifts the sea surface. 

 

 

3.5. Conclusions 

We performed multiple analyses, including IR and Raman spectroscopy, organic 

elemental analysis, TG-DSC, and py-GC/MS, of CMs to determine the heating recorded in an 

ancient megasplay fault and succeeded in estimating a maximum temperature of 600 °C. Here, 

we emphasize the importance of performing multiple analyses and of taking into consideration 

how the organochemical characteristics of the materials change with increasing temperature. We 

also suggest caution because of the uncertainty of a maximum temperature estimated by using a 

single method such as vitrinite reflectance or Raman spectrum intensity ratios. The temperature 

dependence of organochemical changes is complex and probably depends on the initial 

molecular structure of the materials, which is related to their degree of maturation (Hirono et al., 

2015); therefore, a complete understanding of that temperature dependence and the final 

estimation of the maximum temperature experienced in a slip zone require the application of 

multiple approaches as in this study. 
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Supporting information 

 

 

Figure S3.1. Simulation of thermal conduction during heating experiments. (a) 

Spherical particle of CM or a bulk rock sample modeled in our one-dimensional thermal 

diffusion simulation. The diameter is 10 mm, and the grid size is 1 mm. The time 

increment is 0.1 s, the initial temperature is 50 °C, the heating rate is 50 °C min–1, and 

the final targeted temperature is 1000 °C. The thermal diffusivities of the bulk sample 

and pure CM were assumed to be 4.0 x 10–7 and 1.5 x 10–7 m2 s–1, respectively. (b) 

Changes with time of the temperature at the center of the bulk sample and pure CM. 
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Figure S3.2. Observed and fitted Raman spectra of (a) CMs from the Kure OST and (b) 

products obtained by heating host-rock CMs in a series of heating experiments. 
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Abstract 

Because shear stress in a fault is directly related to the frictional heat generated during 

slip, the thermal maturity of carbonaceous material (CM) has been used as a proxy for 

fault-rock temperature. We used infrared (IR) and Raman spectroscopic analyses and friction 

and heating experiments to investigate enhancement of the maturation of lignite by shear 

damage (the mechanochemical effect) and explored the resultant implications for the use of the 

thermal maturity of lignite as a proxy for temperature. We showed that higher shear stress 

applied to lignite samples resulted in greater progression of the thermal destruction of aliphatic 

C–H chains and the survival of the stronger C–C bonds. Thus, we demonstrated that shear 

damage during earthquake slip causes mechanochemical enhancement of organochemical 

reactions related to the aromatization of lignite. Our results suggest that shear stress estimated 

from Raman spectroscopic analyses in previous studies might have been overestimated. 

 

 

4.1. Introduction 

Estimation of seismic slip parameters, such as shear stress and slip distance, is of major 

importance for understanding earthquake dynamics. The increase of temperature in a fault 

during an earthquake is a function of such seismic parameters, so in situ borehole measurements 

of temperature in a fault immediately after an earthquake can be used to estimate the residual 

heat caused by earthquake slip. Such measurements and analyses were undertaken on the 

Taiwan Chelungpu fault after the 1999 Chi-Chi earthquake (Kano et al., 2006) and in the Japan 

Trench after the 2011 Tohoku-oki earthquake (Fulton et al., 2013). However, opportunities to 

measure residual heat in fault rocks immediately after an earthquake are few and far between. 

Consequently, several proxies have been used to attempt to detect frictional heat recorded in 

fault rocks in various regions of the world. They include the generation of frictional melt 

(pseudotachylyte) during slip (Di Toro et al., 2005), formation of magnetite by thermal 

decomposition of paramagnetic minerals (Mishima et al., 2006), thermal decomposition of 

carbonate minerals (Han et al., 2007; Hirono et al., 2007), dehydroxylation reactions of clay 
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minerals (Hirono et al., 2008), anomalous concentrations of fluid-mobile elements (Ishikawa et 

al., 2008; Honda et al., 2011), and biomarker indexes (e.g., Savage et al., 2014). 

The reflectance of vitrinite, a maceral derived from the burial of woody material, has 

often been used as a temperature proxy to determine the frictional heat recorded in faults 

(O'Hara, 2004; Sakaguchi et al., 2011; Maekawa et al., 2014; Furuichi et al., 2015). The 

reflectance of vitrinite increases irreversibly when it is exposed to high temperatures (e.g., 

Sweeney & Burnham, 1990). Friction experiments conducted on carbonaceous materials (CM; 

coal and vitrinite) by using slip velocities on the order of meters per second to simulate the 

rapid heating that occurs during earthquake slip have demonstrated that vitrinite reflectance 

increased even by heating of less than 10 s duration (O'Hara et al., 2006; Kitamura et al., 2012; 

Furuichi et al., 2015). Raman spectra of CM have also been used as a proxy for graphitization 

and aromatization of CM at high temperatures (Kuo et al., 2014, 2017; Oohashi et al., 2014; 

Hirono et al., 2015; Kaneki et al., 2016; Ito et al., 2017). 

Some prior studies suggested that shear strain might affect the maturity of CM (e.g., 

Mastalerz et al., 1993; Kitamura et al., 2012). This phenomenon could be considered to be a 

mechanochemical effect, in that friction causes mechanical damage to molecular and crystal 

structures, which in turn enhances chemical reactions at relatively low temperatures (e.g., 

Lenhardt et al., 2010). Similar experimental investigations of this effect for the dehydroxylation 

reaction of illite, a common mineral in fault rocks, showed a decrease in activation energy 

(142.3 to 97.0 kJ mol–1) during simulated earthquake slip (Hirono et al., 2013). However, such a 

mechanochemical effect on the maturation of CM has not been investigated. Here, we present 

quantitative experimental evidence of the mechanochemical effect on maturation of CM during 

faulting by using infrared (IR) and Raman spectroscopic analyses of sheared and intact CMs, 

and reconsider the use of the thermal maturity of CM as a proxy for the temperature of fault 

rocks during earthquake rupture. 
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4.2. Materials and methods 

4.2.1. Characteristics of CMs used in this study 

We prepared a mixture of 90 wt.% quartz (Wako Pure Chemical Industries) and 10 wt.% 

lignite (Mizunami city, Gifu Prefecture, Japan) as a simulated fault gouge. For analysis of the 

lignite at the molecular level, we determine the composition and thermal maturity by using an 

elemental analyzer (Flash EA 1112, Thermo Finnigan) and a py-GC/MS system 

(EGA/PY-3030D, Frontier Lab; GCMS-QP2010 SE, Shimadzu). The pyrolysate from the first 

phase of heating (100–400 °C) was dominated by toluene and phenols (Figure 4.1a), whereas 

that from the second phase (400–1000 °C) was dominated by benzene, toluene, phenols, and 

other aromatic compounds (Figure 4.1b). Thus, the lignite used in this study was typical 

immature kerogen composed of mostly aromatic compounds. Details of this methodological 

procedure of the py-GC/MS system are also described in Supporting Information Text S4.1. 

 

 
Figure 4.1. Pyrograms obtained by heating the non-sheared sample of lignite mixed 

with quartz from (a) 100 to 400 °C and (b) 400 to 1000 °C. (c) Particle size distributions 

of samples before and after friction experiments. Samples were sheared at a slip rate of 

1 mm s–1 for a slip distance of 10 m under normal stresses of 1 and 3 MPa. 
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We used a van Krevelen diagram to evaluate the maturity of the lignite (van Krevelen, 

1961). By using the elemental analyzer (Flash EA 1112, Thermo Finnigan), we determined that 

the lignite had O/C and H/C atomic ratios of 0.292 ± 0.013 and 0.431 ± 0.031, respectively, 

corresponding to an immature type-IV kerogen derived mainly from oxidized and charred wood 

(Hunt, 1995). 

 

 

4.2.2. Experimental and analytical procedures 

For investigating the mechanochemical effect on maturation of CM, we prepared the 

damaged mixture samples of CMs by using a rotary-shear friction apparatus and then heated the 

samples to demonstrate frictional heating during earthquakes. We applied IR and Raman 

spectroscopies to analyze the CMs before and after not only shearing but also heating on the 

molecule level. 

 

 

4.2.3. Rotary-shear friction experiment 

To replicate the mechanical damage caused by fault slip, samples were sheared in a 

rotary-shear friction apparatus (Hirose & Shimamoto, 2005). Approximately 0.8 mm-thick dry 

powdered sample was placed between the ends of two cylinders of gabbro (25 mm diameter). 

To prevent leaks during experiments, the sample and cylinders were sealed in a 

polytetrafluoroethylene sleeve. We performed the experiments at room humidity at an 

equivalent slip rate of 0.001 m s–1 (Hirose & Shimamoto, 2005) for 10 m of displacement at 

normal stresses of 1 and 3 MPa under air condition. After shearing, the innermost sample 

material (within 6 mm of the cylinder axes) was discarded because of the relatively small slip 

distance and low mechanical damage there. Temperature during the experiment was measured 

with a K-type thermocouple positioned in the stationary cylinder with its tip exposed between 

the sample and the cylinder about 9 mm from the cylinder axis. 

Shear stress as a function of slip distance is shown in Supporting Information Figure 
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S4.1a. The temperature of the sample during shearing under 1.0 MPa normal stress increased 

from 29.3 to 32.5 °C (Supporting Information Figure S4.1b), thus indicating only a small 

temperature increase during shearing. 

 

 

4.2.4. Heating experiment 

To replicate heating during earthquake slip, we heated both non-sheared and sheared 

samples in a simultaneous thermogravimetry–differential scanning calorimetry apparatus (STA 

449 C Jupiter balance, Netzsch) to temperatures from 100 to 1000 °C at 100 °C intervals. We 

used tube furnace apparatus to heat the samples to temperatures from 1100 to 1300 °C. 

Although the temperature rise during an earthquake is considered to several tens to several 

hundreds of degrees per second, we adopted heating rates of 50 and 15 °C min–1 for former and 

latter apparatuses, respectively, owing to their limitations. We conducted our experiment in an 

Ar gas atmosphere or under vacuum condition because the natural conditions for faults at depth 

would be anoxic (e.g., Wakita et al., 1980). Details of our heating experiments are described in 

Supporting Information Text S4.2. 

 

 

4.2.5. IR spectroscopic analysis 

IR spectra of CM show some absorbance peaks related to organochemical 

characteristics (e.g., Bent & Brown, 1961; Stuart, 2004); for example, a sharp peak at about 

2930 cm–1 has been attributed to asymmetric aliphatic CH2 stretching and another at about 1600 

cm–1 to aromatic C=C stretching vibration. 

We used a Fourier transform IR spectrometer (FT/IR-4700, Jasco Analytical 

Instruments, Inc.) equipped with an IR microscope (IRT-5200, Jasco Analytical Instruments, 

Inc.) to obtain IR absorption spectra of intact and sheared lignite samples before and after our 

heating experiments. To acquire one IR spectrum, 100 spectra were accumulated under the 

following measurement conditions: wavenumber resolution 4 cm–1; wavenumber range 4000–
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1000 cm–1; and 40 x 40 µm2 aperture size. IR absorption by a chemical species is dependent on 

both the concentration of the species and the sample thickness (according to the Lambert–Beer 

law); we kept sample thicknesses roughly consistent in our analyses. The intensities of the 

aliphatic CH2 and aromatic C=C absorbance peaks (2930 and 1600 cm–1, respectively) were 

determined by using PeakFit 3.0 software with a Voigt function (Systat Software, Inc.) after a 

linear baseline correction (3000–2800 cm–1 and 1800–1500 cm–1 for CH2 and C=C peaks, 

respectively) before calculation of the CH2/C=C intensity ratios (ICH2/IC=C). Examples of peak 

decomposition in the IR spectrum are shown in Supporting Information Figure S4.2. 

Because CM within sedimentary rock consists of heterogeneous cross-linked networks 

of organic macromolecules (e.g., Poutsma, 1987; Mathews & Chaffee, 2012), the number of 

spectroscopic analysis points is crucial to ensure that representative IR spectra are obtained. 

Moreover, there must be sufficient analyses to determine average intensities that are meaningful 

and directly related to the value of the standard deviation (SD): 

𝑆𝐷 =
1
𝑛

𝑥' − 𝑥 )
*

'+,
 (4.1) 

where n is the number of observations in the sample, xi is the observed values of the sample, 

and 𝑥 is the mean value of these observations. If 𝑥' − 𝑥 )*
'+,  equals to 0.1 (roughly 

corresponding to the obtained value in our Raman analysis), for n = 5 to 20, SDs drastically 

decrease from 0.141 and 0.071 (Supporting Information Figure S4.3). However, for n = 30, SD 

becomes sufficiently small to be 0.058, so we adopted the acquirement from 30 points for each 

sample. 

 

 

4.2.6. Raman spectroscopic analysis 

Raman spectra of CM generally include disordered (D, 1355–1380 cm–1) and graphite 

(G, 1575–1620 cm–1) bands (Tuinstra & Koenig, 1970). Recent studies have identified a 

complicated waveform in Raman spectra of CM, with four sub-peaks (D1, D2, D3, and D4) 

between about 1200 and 1650 cm–1 (e.g., Beyssac et al., 2002; Furuichi et al., 2015; Ito et al., 

2017), and we followed their peak decomposition method in our analysis (Supporting 
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Information Figure S4.4). 

We used a Raman microspectrometer equipped with a 532 nm laser (XploRa, Horiba 

Jobin Yvon, Inc.) for intact and sheared lignite samples before and after heating experiments. 

For each analysis point, the spectra were measured with a laser spot size of 5 µm, an exposure 

time of 10 s, and laser power of 0.01–0.13 mW on the targeted surface. Representative raw 

spectra are shown in Supporting Information Figure S4.5. The intensity of a Raman spectrum of 

CM is not simply a function of sample thickness, chemical species concentrations, and Raman 

scattering characteristics; it also depends on other analysis conditions (e.g., orientation of the 

sample). Thus, we manually normalized the intensities of spectra, after smoothing processing, 

for all samples to have similar heights. After a linear baseline correction (1000–1800 cm–1) to 

remove fluorescence interference, the intensities of the four bands were evaluated by using 

PeakFit 3.0 software with a Voigt function (Systat Software, Inc.) and the ID1/ID2 ratios were 

then calculated. As was the case for IR spectral analyses, Raman spectra were obtained at 30 

points per sample, and the mean values and SDs were calculated. 

 

 

4.3. Results 

Shearing of our samples caused considerable reduction in particle size (Figure 4.1c), 

which we measured by the laser diffraction and scattering method with a particle-size analyzer 

(Mastersizer 2000, Malvern Instruments, Ltd). The modal particle size of the intact (not 

sheared) sample was 100.2 µm. The modal particle size of the sample sheared under 1 MPa 

normal stress was 71.0 µm. The sample sheared under 3 MPa normal stress showed a bimodal 

particle size distribution with peaks at 15.3 and 27.2 µm. These results indicate that frictional 

shearing caused comminution of the samples. 

Figure 4.2 show representative IR and Raman spectra of CMs for each experimental 

condition. For all samples, the IR absorbance peaks of aliphatic CH2 at 2930 cm–1 and of 

aromatic C=C at 1600 cm–1 became weak at temperatures greater than 600 °C and 800 °C, 

respectively (Figure 4.2a). The sheared samples showed slightly lower absorbance of aliphatic 
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CH2 and distinctly lower absorbance of aromatic C=C than did the non-sheared samples. For all 

samples, Raman spectra acquired from room temperature to 300 °C showed the four bands to be 

weak to absent, whereas these bands were clearly evident at temperatures above 400 °C  

(Figure 4.2b). The intensity of the D1 band increased gradually with increasing temperature 

above 400 °C, whereas the intensity of the D2 band increased markedly from 400 to 500 °C and 

then changed little at higher temperatures. However, because we normalized the intensities of 

the Raman spectra that we obtained, we considered only the relative intensities of these bands. 
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Figure 4.2. Spectra of products of heating experiments on samples of lignite mixed with 

quartz. (a) IR spectra and (b) Raman spectra. Slip rate, slip distance, and normal stresses 

as in Figure 4.1. RT = room temperature. 

 

Figure 4.3 show calculated ICH2/IC=C and ID1/ID2 ratios of CMs for each experimental 

condition. ICH2/IC=C ratios of CM are sensitive to high temperature, because the breakdown of 

aliphatic chains occurs at relatively low temperatures, whereas aromatic rings (C=C) are stable 
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at high temperatures (up to 800 °C). For example, immature kerogen from middle Holocene 

peat strata (Zhanjian, Guangdong Province, China) showed a decrease of the ICH2/IC=C ratio at 

high temperatures ≥350 °C (Zeng & Wu, 2007). However, our intact lignite samples showed no 

systematic change of ICH2/IC=C ratio with temperature (Figure 4.3a), although the ICH2/IC=C ratios 

of the sheared samples were lower than those of the non-sheared sample. The ID1/ID2 ratio of 

CM is known to increase with increasing pyrolysis temperature (Wopenka & Pasteris, 1993; Li 

et al., 2006), as did the ID1/ID2 ratios in all our samples (sheared and non-sheared) (Figure 4.3b), 

although the ratios in the sheared samples were higher. For example, at 800 °C, the ID1/ID2 ratio 

for the non-sheared sample was 0.855 ± 0.020, whereas those for the two sheared samples were 

0.892 ± 0.080 (sheared at 1 MPa normal stress) and 0.908 ± 0.072 (sheared at 3 MPa normal 

stress). 

 

 
Figure 4.3. Temperature dependencies of IR and Raman spectral parameters (a) 

ICH2/IC=C ratios and (b) ID1/ID2 ratios of products of heating experiments on samples of 

lignite mixed with quartz. (c) Relationship between standard deviation of ID1/ID2 ratio 

and shear stress during friction experiments. Ave. = average shear stress. 
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4.4. Discussion and conclusions 

CM is generally composed of massive aromatic nuclei linked by aliphatic hydrocarbon 

chains (e.g., Mathews & Chaffee, 2012). High temperatures of CM achieved on a geological 

timescale as a result of diagenesis, or achieved rapidly by frictional heating due to fault slip 

during earthquakes, induce pyrolysis, which breaks weak chemical bonds, releases volatiles, and 

causes carbonization, structural rearrangement, and aromatization (e.g., Lievens et al., 2013). 

The lignite we used in our experiments was composed of aromatic compounds linked by 

aliphatic chains (Figure 4.1a and b); our IR spectra showed that the aliphatic CH2 (peak at 2930 

cm–1) disappeared at 600 °C (Figure 4.2a) as a result of thermal breakage of C–H chains. An 

increase of the ID1/ID2 ratio above 600 °C on the Raman spectra (Figure 4.2b) likely reflects the 

survival during pyrolysis of the stronger C–C bonds within a graphitic structure. 

Combustion including oxidation is another central reaction in CM for conflagration and 

power plant. However, in our study, CMs were heated under Ar gas or vacuum condition, so the 

oxidation never occurred. Although CMs suffered shear damage under air condition, small 

amount of temperature rise (∆3.2 °C) by slow-rate friction might not activate the oxidation. CM 

adsorbs various gases including oxygen onto its surface (e.g., Wang et al., 2003; Fitzgerald et al., 

2005), but the increase in O/C ratio was estimated 0.011 (Furuichi et al., 1974) that is less than 

the SD of 0.013 in our lignite. Thus we could ignore the effects by oxidation and adsorption of 

oxygen on our spectroscopic analysis. 

The SDs of ID1/ID2 ratios determined from Raman spectra of CM in pseudotachylytes 

have recently been trialed as a quantitative indicator of shear stress (Ito et al., 2017). To 

examine the applicability, we plotted values of SDs of ID1/ID2 ratios as a function of average 

shear stress during friction experiments for each heating temperatures (Figure 4.3c). Because 

the shear stresses during the rotary-shear friction experiments conducted by Ito et al. (2017) 

fluctuated considerably, ranging from 1 to 11 MPa, they calculated average shear stress from 

total frictional work, slip duration, and equivalent slip rate. The shear stress during our friction 

experiments also fluctuated considerably, and we calculated average shear stress by following 

their method; under 1 MPa normal stress, average shear stress was 0.65 ± 0.03 MPa, and under 
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3 MPa normal stress that was 1.68 ± 0.28 MPa. For our lignite samples, the SDs of ID1/ID2 ratios 

showed a general decrease with increasing shear stress at temperatures of ≤1000 °C, which is 

consistent with the results of Ito et al. (2017), but exhibited opposite trend at temperatures of 

≥1100 °C (Figure 4.3c). If we calculate average shear stress from SDs by using their equation, 

calculated shear stress completely differs from average shear stress during our friction 

experiments at any temperatures of ≥500 °C: for example, with normal stress of 1 MPa and 

heating temperature of 1300 °C, acquired average shear stress was 0.65 ± 0.03 MPa whereas the 

average shear stress calculated by using their equation was 9.86 MPa. Thus, their determination 

of average shear stress is not applicable in our case. Another critical problem is the number of 

spectral analyses acquired for each of their samples (ranged from 26 to 30), and (as discussed in 

section 2.4) this number strongly affects the SD. Therefore, there are not only experimental but 

also theoretical uncertainties in the determination by Ito et al. (2017) of average shear stress as a 

function of the SD of ID1/ID2 ratios determined from Raman spectral analyses. 

On the basis of friction experiment results, Kitamura et al. (2012) attributed the 

maturation of coal not only to high temperatures but also to mechanochemical enhancement of 

chemical reactions in the CM. After heating, our lignite samples suffered higher shear stress and 

showed higher ID1/ID2 ratios in Raman spectra (Figure 4.3b). Thus, our results clearly show that 

mechanochemical effects enhance various organochemical reactions. The breaking of aliphatic 

chains occurred not only at relatively low temperatures but also at room temperature (Figure 

4.2a). High-rank coals such as bituminous and anthracite consist of relatively large cross-linked 

pericondensed aromatic and alicyclic components (Lazarov & Marinov, 1987) that ultimately 

form large aromatic sheets and stack the sheets, that is, graphitization (Nyathi et al., 2013), and 

recent friction experiments demonstrated shear-induced graphitization in a fault gouge (e.g., 

Oohashi et al., 2011; Kuo et al., 2014). However, lignite is the lowest rank of coal and consists 

of linked aromatic rings and cross-linked aliphatic side chains with a variety of functional 

groups such as alicyclic groups and carboxylic acid groups (e.g., Wender, 1976). Therefore, the 

main ogranochemical reaction in our lignite might be aromatization such as breaking of weak 

bonds and pyrolysis of functional groups with relatively low molecular weights. 
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Although the Raman spectral ratios of CM have been used as a proxy for temperature in 

several studies (e.g., Furuichi et al., 2015; Hirono et al., 2015; Kaneki et al., 2016), the 

mechanochemical effect should be taken into account in future estimates of the frictional heat 

generated during fault slip. For example, temperatures in an ancient megasplay fault in the 

Cretaceous Shimanto accretionary complex, Japan, were estimated by Kaneki et al. (2016) to 

have reached 600 °C on the basis of ID/IG ratios in Raman spectra of CM, and led them to 

conclude that there was 2.7–9.0 m of slip on the fault. However, had they taken the 

mechanochemical effect into consideration, the temperature reached and slip distance 

determined would have been 500 °C and 1.9–6.2 m, respectively. 

The use of the thermal maturity of CM as a non-reversible temperature proxy for fault 

rock studies has considerable promise, but our study has clearly shown that physical damage 

caused by shearing during earthquake slip causes mechanochemical enhancement of 

organochemical reactions related to the aromatization of CM. To develop a more rigorous proxy 

for detecting heat signatures in faults, further spectroscopic analyses are needed of different 

types and grades of CM (e.g., other type of kerogen and higher grade bituminous coal), together 

with laboratory heating and friction experiments, and not only mechanochemical effects on the 

aromatization but also shear-induced graphitization must be taken into consideration. 
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Supporting information 

 

Text S4.1. 

Molecular compositions of intact lignite were determined by using a py-GC/MS system 

consisting of a pyrolyzer (EGA/PY-3030D, Frontier Lab) directly coupled to a gas 

chromatograph–mass spectrometer (GCMS-QP2010 SE, Shimadzu) equipped with an 

UltraALLOY-5 column (30 m length, 0.25 mm inner diameter, 0.25 µm film thickness). 

Approximately 3 mg of lignite was heated from 100 to 400 °C at 50 °C min–1 under vacuum, 

and gas-phase pyrolysates collected in a cryotrap were analyzed by GC/MS. The residue was 

again heated rapidly to 1000 °C, and the resulting pyrolysates were analyzed by GC/MS. For 

the CG/MS analysis, helium was used as the carrier gas at a flow rate of 1 mL min–1, the split 

ratio was 50, and the injection temperature was 300 °C. The column temperature program was 

as follows: hold at 40 °C for 2 min, heat to 310 °C at 15 °C min–1, and then hold at 310 °C for 

10 min. The mass spectrometer was operated in electron ionization mode (70 eV, scan range m/z 

35–600, scan interval 0.2 s), and the ion source temperature was kept at 230 °C. The pyrolysates 

were identified by comparing their mass spectra with those of standards in the library of the U.S. 

National Institute of Standards and Technology. 
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Text S4.2. 

To reproduce frictional heating during earthquake slip, we used a thermogravimetry–differential 

scanning calorimetry apparatus (TG-DSC, STA 449 C Jupiter balance, Netzsch) to targeted 

temperatures of 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 °C. Approximately 30 

mg of both intact/sheared samples (90 wt.% quartz and 10 wt.% lignite) was placed in a covered 

Pt90Rh10 crucible, and then heated to the targeted temperatures at 50 °C min–1 heating rate under 

Argon gas flow. For heating sample to temperatures of 1100, 1200, and 1300 °C, we used tube 

furnace apparatus because TG-DSC can be used at temperatures of ≤1000 °C. Approximately 30 

mg of sample was enclosed in a quartz tube (outer diameter, 8 mm; thickness, 1 mm; length, 25 

cm) under vacuum (≤10–5 Pa), and the tube was then inserted into tube furnace apparatus. Due 

to limitation of apparatus, heating rate was controlled to be 15 °C min–1. For each heating 

experiment, we used different subsamples retrieved from intact/sheared samples. At all the 

experiments, we stopped to heat the samples immediately when the targeted temperature was 

achieved. 
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Figure S4.1. (a) Shear stress as a function of slip distance. Samples were sheared at a 

slip rate of 1 mm s–1 for a slip distance of 10 m under normal stresses of 1 and 3 MPa. 

The obtained steady-state shear stress in three experiments showed almost similar 

values for each normal stress condition. (b) Change in temperature as a function of slip 

distance during the friction experiment at 1 MPa normal stress. 
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Figure S4.2. Representative IR spectra with decomposed peaks for determining 

intensities of (a) aliphatic CH2 peak and (b) aromatic C=C peak. 
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Figure S4.3. Standard deviation vs. number of analytical data per sample. 
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Figure S4.4. Representative raw Raman spectra for all experiments. 
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Figure S4.5. Representative Raman spectrum with decomposed peaks for determining 

intensities of D1 and D2 peaks. 
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Abstract 

Because the maximum temperature reached in the slip zone is significant information 

for understanding slip behaviors during an earthquake, the maturity of carbonaceous material 

(CM) is widely used as a proxy for detecting frictional heat recorded by fault rocks. The degree 

of maturation of CM is controlled not only by maximum temperature but also by the heating 

rate. Nevertheless, maximum slip zone temperature has been estimated previously by comparing 

the maturity of CM in natural fault rocks with that of synthetic products heated at rates of about 

1 °C s–1, even though this rate is much lower than the actual heating rate during an earthquake. 

In this study, we investigated the kinetic effect of the heating rate on the CM maturation process 

by performing organochemical analyses of CM heated at slow (1 °C s–1) and fast (100 °C s–1) 

rates. The results clearly showed that a higher heating rate can inhibit the maturation reactions 

of CM: for example, extinction of aliphatic hydrocarbon chains occurred at 600 °C at a heating 

rate of 1 °C s–1 and at 900 °C at a heating rate of 100 °C s–1. However, shear-enhanced 

mechanochemical effects can also promote CM maturation reactions and may offset the effect 

of a high heating rate. We should thus consider simultaneously the effects of both heating rate 

and mechanochemistry on CM maturation to establish CM as a more rigorous proxy for 

frictional heat recorded by fault rocks and for estimating slip behaviors during earthquake. 

 

 

5.1. Introduction 

Frictional heat generated in fault zones constitutes the largest part of the total seismic 

energy budget during an earthquake (e.g., Chester et al., 2005), and it triggers several kinds of 

fault-weakening mechanisms, including thermal pressurization (Sibson, 1973) and melt 

lubrication (Hirose & Shimamoto, 2005), which can strongly affect earthquake energetics and 

fault slip behaviors. Because the progression of such mechanisms is closely dependent on the 

amount of heat produced by slip, to understand fault slip behaviors during earthquakes it is 

crucial to estimate the maximum temperature recorded by the fault rocks. 

Several temperature proxies have been proposed as indicators of frictional heat recorded 
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by fault rocks (Rowe & Griffith, 2015). These include pseudotachylyte formation (e.g., Cowan, 

1999; Di Toro et al., 2005), mineral transformations (e.g., Hirono et al., 2007; Mishima et al., 

2009; Kameda et al., 2011; Evans et al., 2014), thermal decomposition of carbonate minerals 

(e.g., Han et al., 2007; Oohashi et al. 2014), dehydration and dehydroxylation of clay minerals 

(e.g., Hirono et al., 2008; Schleicher et al., 2015), and anomalies in fluid-mobile trace element 

concentrations and strontium isotope ratios (e.g., Ishikawa et al., 2008; Honda et al., 2011). In 

particular, the thermal maturity of carbonaceous material (CM) has received considerable 

attention as a new temperature proxy (e.g., Savage et al., 2014; Hirono et al., 2015; Kaneki et al., 

2016; Rabinowitz et al., 2017) because the organochemical characteristics of CM, including its 

elemental compositions and molecular structures, change irreversibly with increasing 

temperature (e.g., Beyssac et al., 2002). The frictional heat recorded by CM in both natural and 

experimental fault rocks has been investigated by spectroscopic analyses (e.g., Furuichi et al., 

2015; Hirono et al., 2015; Kaneki et al., 2016, 2018; Ito et al., 2017; Kouketsu et al., 2017; Kuo 

et al., 2017) and by determining elemental compositions (Kaneki et al., 2016), biomarker 

indexes (Polissar et al., 2011; Savage et al., 2014; Sheppard et al., 2015; Rabinowitz et al., 

2017), and vitrinite reflectance (e.g., O'Hara, 2004; Sakaguchi et al., 2011; Kitamura et al., 

2012; Maekawa et al., 2014; Hamada et al., 2015). Several studies have succeeded in inferring 

slip behaviors on natural faults during past earthquakes from estimations of maximum 

temperatures recorded by CM (Savage et al., 2014; Hirono et al., 2015; Kaneki et al., 2016; 

Mukoyoshi et al., 2018). 

Maturation of CM is accompanied by the release of various volatile organic components 

(e.g., aliphatics, aromatics), resulting in the formation of a solid residue with extremely high 

carbon content (e.g., Spokas, 2010). This devolatilization process can be strongly affected not 

only by maximum temperature but also by other factors such as a change in reactivity due to 

shear damage (mechanochemical effect) and the kinetic effect of the heating rate (e.g., 

Alexander et al., 1986; Kitamura et al., 2012). Recently, Kaneki et al. (2018) experimentally 

demonstrated that shear-enhanced mechanochemical effects can promote various 

organochemical reactions of CM at relatively low temperature and suggested that maximum 
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temperatures estimated in the previous studies might be overestimates. Although it is known 

that higher heating rates generally lead to higher pyrolytic temperatures of CM (e.g., Alexander 

et al., 1986; Schenk et al., 1990; Huang & Otten, 1998; Burnham & Braun, 1999; Lievens et al., 

2013), however, quantitative evaluation of the kinetic effect of heating rate on the CM 

maturation process during earthquakes remains unknown. Furthermore, several recent estimates 

of maximum temperatures are based on heating experiments conducted only at slow heating 

rates of about 1 °C s–1 (Hirono et al., 2015; Kaneki et al., 2016; Mukoyoshi et al., 2018). For 

example, Kaneki et al. (2016) inferred maximum temperatures and fault slip distances in the 

CM-bearing slip zone of an ancient plate-subduction fault developed in Kure Mélange, Shikoku, 

Japan (Figure 5.1), to be 500–600 °C and 2–9 m, respectively, from the results of heating 

experiments on host-rock CM conducted using a heating rate of 50 °C min–1 (approximately 

1 °C s–1). This rate is much lower than typical heating rates during earthquake slip (several tens 

to several hundreds of degrees per second); thus, these estimated temperatures and fault slip 

behaviors may include uncertainties due to the kinetic effect of heating rate. 

 

 
Figure 5.1. Example of a CM-bearing fault. Location (left) and photograph (right) of an 

ancient plate-subduction fault developed in the Kure Mélange, Shikoku, Japan. The 

sampling point of CM-bearing non-deformed shale is shown by the black circle on the 

photograph of the outcrop. EUR Eurasia plate, NAM North American plate, PHS 

Philippine Sea plate. 

 

In this study, we quantitatively investigated the kinetic effect of heating rate on the 
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thermal maturation of CM by using infrared (IR) and Raman spectrometry and pyrolysis-gas 

chromatography-mass spectrometry (py-GC/MS) in conjunction with slow- and fast-heating 

experiments. On the basis of our results, we show that the effect of heating rate on thermal 

maturation of CM has implications for the use of CM maturity as a proxy for frictional heat. We 

consider information about this effect to be crucial for establishing a more rigorous fault 

geothermometer and for estimating slip behaviors of past earthquakes. 

 

 

5.2. Materials and methods 

5.2.1. Heating experiment 

To investigate the kinetic effect of heating rate on CM maturation, we collected 

CM-bearing bulk-rock samples from non-deformed shale in the Cretaceous Nonokawa 

Formation, in the Shimanto accretionary complex, which crops out along the coast at Kure, Tosa 

Town, Japan (Mukoyosh et al., 2006) (Figure 5.1). After extracting pure CM from the bulk 

samples by chemical treatment (HCl–HF method; see Kaneki et al., 2016 for details), we used a 

thermogravimetry–differential scanning calorimeter apparatus (STA 449 C Jupiter balance, 

Netzsch) for our slow-heating experiments. About 30 mg of the CM was placed in a covered 

Pt90Rh10 crucible and heated under Ar gas flow at a rate of 50 °C min–1 (approximately 1 °C s–1) 

from an initial temperature of 50 °C to target temperatures from 100–1000 °C at 100 °C 

intervals. 

For the fast-heating experiments, we used a tube furnace to heat each CM sample. 

About 10 mg of sample was enclosed in a quartz tube (outer diameter, 8 mm; thickness, 1 mm; 

length, 25 cm) under vacuum (≤10 Pa), and then the tube was inserted into the tube furnace 

apparatus, which had been preheated to the target temperature (100–1000 °C at 100 °C 

intervals), for 10 s. We numerically simulated the heating rates during the experiments by 

adopting a CM particle diameter of 100 µm (determined from scanning electron microscope 

observations) and thermal diffusivities of 1.6 x 10–7 and 8.7 x 10–7 m2 s–1 for CM and silica glass, 

respectively (Gustafsson et al. 1979; Turian et al. 1991). Then, we simulated the time–
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temperature and time–heating rate relationships for a CM particle with these thermophysical 

properties during the fast-heating experiments (Supporting Information Figure S5.1). The 

simulated temperature profiles indicate that the heating rate increases as the target temperature 

increases, and the maximum heating rate that can be achieved is ≥100 °C s–1 for all target 

temperatures except 100 °C (for which 50 °C s–1 is the maximum rate) (Supporting Information 

Figure S5.1). Hereafter, therefore, we refer to the slow- and fast-heating rates during the heating 

experiments as 1 °C s–1 and 100 °C s–1, respectively. We stopped the heating as soon as the 

targeted temperature was achieved. 

 

 

5.2.2. Spectroscopic analysis 

To investigate the chemical structures of CM, we conducted IR and Raman 

spectrometry on powdered CM samples. IR spectra of CM exhibit various peaks that correspond 

to organic and inorganic chemical bonds (e.g., Stuart, 2004). These include an O–H stretching 

band at around 3400 cm–1; a sharp aromatic C–H band at 3050 cm–1; aliphatic hydrocarbon 

bands at 2960 cm–1 (asymmetrical CH3 stretching), 2930 cm–1 (asymmetrical CH2 stretching), 

and 2860 cm–1 (symmetrical CH2 stretching); a C=O stretching band at 1680 cm–1; an aromatic 

ring C=C stretching band at 1600 cm–1; and weak aliphatic hydrocarbon bending bands at 1455 

cm–1 (asymmetrical CH3 bending) and 1375 cm–1 (symmetrical CH2 bending). We followed the 

methods of Kaneki et al. (2016) to obtain our IR spectra. We used a Fourier transform IR 

spectrometer (FT/IR-4700, Jasco Inc.) equipped with an IR microscope (IRT-5200, Jasco Inc.) 

to obtain IR absorbance spectra of CM retrieved from the shale and from the products of heating 

at 1 °C s–1 or 100 °C s–1. The samples were placed on a CaF2 plate and then hand-pressed to 

prevent saturation of the IR spectra. Before the measurements, plates and samples were dried in 

an oven at 50 °C for several hours. To acquire one IR spectrum, 100 spectra were accumulated 

with a wavenumber resolution of 4 cm–1, a wavenumber range of 4000–1000 cm–1, and an 

aperture size of 50 x 50 µm2. Background intensities of the IR spectra were eliminated by 

measuring a blank CaF2 plate. 
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Raman spectra of CM show significant peaks at 1355–1380 and 1575–1620 cm–1, which 

are known as disordered (D) and graphite (G) bands, respectively (Tuinstra and Koenig, 1970). 

Several spectral parameters have been used to evaluate the maturity of CM in metamorphic 

rocks (e.g., Beyssac et al., 2002; Aoya et al., 2010; Kouketsu et al., 2014; Nakamura et al., 

2015) and fault rocks (e.g., Hirono et al., 2015; Kaneki et al., 2016; Kouketsu et al., 2017; Kuo 

et al., 2017). We followed the methods of Kaneki et al. (2016) to acquire our Raman spectra and 

spectral parameters. We used a Raman microspectrometer (XploRA, Horiba Jobin Yvon Inc.) 

equipped with a laser (532 nm) to obtain Raman spectra of CM powder derived from the shale 

and from the samples heated at 1 °C s–1 and 100 °C s–1. Before the measurements, samples were 

dried in an oven at 50 °C for several hours. Although the graphitic structure of CM has a 

crystallographic orientation (c-axis orientation), we did not control sample orientation during 

our spectral measurements because the orientation is unlikely to affect the Raman spectral 

features (Aoya et al., 2010). We used an exposure time of 10 s and a laser power of 0.09–0.11 

mW to obtain spectra from the targeted surfaces to avoid thermal damage to the powder samples. 

Because Raman spectra obtained from the grain boundaries of CM particles might differ from 

those obtained from the body of CM particles (Tuinstra and Koenig, 1970), we adopted a laser 

spot size of 5 µm as sufficiently smaller than the average CM particle size (approximately 100 

µm). We then used PeakFit 3.0 software (Systat Software Inc.) to fit the D and G bands to the 

acquired spectra after a linear baseline correction of 1000–1800 cm–1 (Supporting Information 

Figure S5.2). We determined the intensities of both bands. To compare the spectral features 

among the acquired Raman spectra, we normalized the spectra so that the height of the strongest 

peak of each spectrum was the same among the spectra being compared. Ten spectra were 

obtained from each sample (one spectrum per CM particle), and the mean values and standard 

deviations of the intensity ratios of the D and G bands (ID/IG) were calculated. All of the 

calculated ID/IG ratios with their standard deviations are summarized in Supporting Information 

Table S5.1. 
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5.2.3. Py-GC/MS 

To analyze the composition of gases released from the starting samples and from the 

samples that had been heated at 1 °C s–1 and 100 °C s–1, we followed the methods of Kaneki et 

al. (2016). We used a py-GC/MS system consisting of a model EGA/PY-3030D pyrolyzer 

(Frontier Lab) and a model GCMS-QP2010 SE GC/MS (Shimadzu) with an UltraALLOY-5 

column. About 1 mg of sample was pyrolyzed at 1000 °C for 1 min under vacuum (≤2 Pa), and 

chromatographs and chemical compositions of the released gas were then analyzed. First, the 

intensities of the chromatographs were normalized by the weight of the analyzed samples, and 

then the intensity ratios of toluene to benzene (Itoluene/Ibenzene) were determined. All of the 

calculated Itoluene/Ibenzene ratios are summarized in Supporting Information Table S5.1. 

 

 

5.3. Results 

5.3.1. Spectroscopic characteristics 

The spectra of CM from the shale (starting material) showed sharp absorbance peaks for 

the aliphatic C–H (2960, 2930, 2860, 1455, and 1375 cm–1), aromatic C–H (3050 cm–1), and 

C=C bonds (1600 cm–1) (Figure 5.2). In the spectra of samples heated at 1 °C s–1, the 

absorbance peaks of the aliphatic C–H bonds and the aromatic C–H bond became weak at 

600 °C and disappeared at 700 °C, and the absorbance peaks of the aromatic C=C bond became 

weak at 700 °C and disappeared at 800 °C (Figure 5.2a). In the spectra of samples heated at 

100 °C s–1, the absorbance peaks of the aliphatic C–H bonds and the aromatic C–H bond 

became weak at 800 °C and disappeared at 900 and 1000 °C, respectively, and the absorbance 

peaks of the aromatic C=C bond became weak at 900 °C and disappeared at 1000 °C (Figure 

5.2b). 
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Figure 5.2. Representative IR spectra of the analyzed CM. IR spectra of CM from shale 

and from products heated at a rate of (a) 1 °C s–1 or (b) 100 °C s–1. exp. experiment. 

 

The Raman spectra of all of the analyzed samples showed distinct D and G band peaks, 

and the intensity of the D band relative to that of the G band increased as the target temperature 

increased (Figure 5.3). The ID/IG ratios of the samples heated at 1 °C s–1 increased markedly at 

≥600 °C, whereas those of samples heated at 100 °C s–1 started to increase at ≥900 °C (Figure 

5.4). 
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Figure 5.3. Representative Raman spectra of the analyzed CM. Raman spectra of CM 

from shale and from products heated at a rate of (a) 1 °C s–1 or (b) 100 °C s–1. exp. 

experiment. 
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Figure 5.4. Temperature dependence of the ID/IG ratios of the analyzed CM. Bars show 

standard deviations. exp. experiment. 

 

 

5.3.2. Py-GC/MS 

Chromatographs for the CM sample from shale and for the products of the heating 

experiments included clear peaks of various aromatic compounds, and the samples were 

especially rich in benzene and toluene (Figure 5.5). The chromatographs for the products of the 

heating experiments showed a systematic decrease in peak intensities as the target temperature 

increased. Intensities of the benzene and toluene peaks of CM sample heated at 1 °C s–1 

decreased markedly at 500 °C and approached zero at 700 °C (benzene) and 600 °C (toluene). 

In contrast, for the CM sample heated at 100 °C s–1, chromatograph peak intensities started to 

decrease at 800 °C and approached zero at 1000 °C. The Itoluene/Ibenzene ratios of the CM sample 

heated at 1 °C s–1 started to decrease at 500 °C, whereas the ratios of samples heated at 100 °C 

s–1 showed a sudden decrease above 800 °C (Figure 5.6). The Itoluene/Ibenzene ratios in samples 

heated at 1 °C s–1 to ≥700 °C and in those heated at 100 °C s–1 to 1000 °C could not be 

determined because of the extinction of the toluene and benzene peaks on those 

chromatographs. 
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Figure 5.5. Gas chromatographs of the analyzed CM. The two chromatographs at the 

top of each column show the composition of gas released from the starting CM. The 

lower 20 chromatographs show the compositions of gas released from the products 

heated at 1 °C s–1 (left column) and 100 °C s–1 (right column). exp. experiment. 
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Figure 5.6. Temperature dependence of the Itoluene/Ibenzene ratios of the analyzed CM. The 

ratios of the products heated to ≥700 °C at 1 °C s–1 and to 1000 °C at 100 °C s–1 are not 

available owing to extinction of the toluene and benzene peaks. exp. experiment. 

 

 

5.4. Discussion and conclusions 

The py-GC/MS chromatographs revealed that the dominant components of the analyzed 

CM samples were benzene and toluene, and the amounts of these compounds decreased as the 

target temperature increased (Figure 5.5). The presence of toluene or phenol, which have 

aliphatic C–H or O–H bonds in their molecular structures, clearly indicates that the CM from 

shale was not derived from C-H-O-rich fluid at high temperature (≥500 °C) because such 

depositional CM is almost fully graphitized (e.g., Luque et al., 2009). In samples heated at 1 °C 

s–1 and 100 °C s–1, the chromatographic peak of toluene disappeared (Figure 5.5), and extinction 

of the aliphatic C–H absorbance peaks was observed on the IR spectra (Figure 5.2), at 600 and 

900 °C, respectively. This result clearly indicates that toluene dominantly controlled the amount 

of aliphatic C–H chain in the samples. Furthermore, the almost simultaneous disappearance of 

the chromatographic peak for benzene and the absorbance peak of the aromatic C=C bond at 

700–800 °C and 1000 °C in the samples heated at 1 °C s–1 and 100 °C s–1, respectively (Figure 

5.2 and 5.5), suggests that benzene was the main contributor to the aromatic C=C absorbance 



Chapter 5. Kinetic Effect on CM Maturation 

 115 

peaks on the IR spectra. The ID/IG ratios of the Raman spectra for the products heated at 1 °C s–1 

and 100 °C s–1 began to increase at ≥600 and ≥900 °C, respectively (Figure 5.4). This result is 

well consistent with the findings of several prior studies that showed ID/IG ratios increased when 

intact CM was exposed to high temperatures of several hundreds of degrees Celsius by heating 

or friction experiments (e.g., Furuichi et al., 2015; Hirono et al., 2015; Kaneki et al., 2016, 

2018; Ito et al., 2017). In these temperature ranges, no significant change in the molecular 

compounds in gases released from the heating products was observed except for a small 

decrease in the chromatographic peak of benzene (Figure 5.5). This result suggests that the 

changes in the ID/IG ratios are possibly attributable to pyrolysis of residual benzene with 

relatively strong bonds within the graphitic sheets accompanied by the formation of a 

disordered structure as a result of pyrolytic rearrangement. The abrupt decreases of the 

Itoluene/Ibenzene ratios at ≥500 and ≥800 °C in the products heated at 1 °C s–1 and 100 °C s–1, 

respectively, might be due to the difference in the pyrolytic temperatures of benzene and toluene 

(Figure 5.6). 

On the basis of these results, we inferred that the dominant maturation process 

controlling the changes in the organochemical characteristics of the starting CM during the 

heating experiments was the thermal decomposition of benzene and toluene, which resulted in 

the extinction of absorbance peaks in the IR spectra at higher temperatures, and the subsequent 

rearrangement of residual aromatic nuclei, which in turn increased the ID/IG ratios of the Raman 

spectra. Although Kaneki et al. (2016) attributed changes in the characteristics of IR and Raman 

spectra of heated CM to the thermal decomposition of toluene and the growth of aromatic rings, 

our series of organochemical analyses, including py-GC/MS analyses, revealed that thermal 

decomposition not only of toluene but also of benzene, along with subsequent structural 

rearrangement that increased the ID/IG ratios, may have played a significant role in maturation 

process of our CM at high temperature. 

Although our CM heating experiments were conducted under dry conditions, the in-situ 

environment of natural fault rocks is usually water-saturated. Water saturation may affect the 

CM maturation process by providing an exogenous source of hydrogen (e.g., Lewan, 1997). 
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However, this hydrothermal effect is reported to appear only after a long reaction time of ≥70 h 

at temperatures of ≥330 °C (Lewan, 1997). Because our heating experiments were completed 

within 20 minutes, we can ignore the effect of water saturation. 

The ID/IG ratio of Raman spectra has long been believed to decrease with increasing CM 

maturity (e.g., Beyssac et al., 2002; Kuo et al., 2017), whereas we observed a completely 

opposite trend in our results (Figure 5.4). However, recent friction and heating experiments 

conducted with pure CM or CM-bearing samples have demonstrated increases in the ID/IG ratios 

of CM with increasing temperature (e.g., Furuichi et al., 2015; Hirono et al., 2015; Kaneki et al., 

2016, 2018; Ito et al., 2017). Furthermore, Mukoyoshi et al. (2018) reported an increase of the 

ID/IG ratios of CM in a natural pseudotachylyte-bearing slip zone relative to the ratios in 

host-rock samples. These contradictory results might be explained by heterogeneity of the initial 

condition of the CMs among these studies. For example, Kuo et al. (2017) obtained lower ID/IG 

ratios for anthracite samples in a high-velocity friction experiment, whereas Furuichi et al. 

(2015) reported an increase in the ID/IG ratios of brown coal in a similar friction experiment. If it 

is assumed that the direction of change of the ID/IG ratios of Raman spectra with increasing 

temperature depends on the initial maturity of the starting CM (e.g., Kouketsu et al., 2014, 

2017; Schito et al., 2017), the increasing ID/IG ratios of the Raman spectra of CM with 

increasing temperature in our study might be attributable to the relatively low maturity of the 

starting CM (bituminous coal). Thus, to characterize fully the temperature–maturity relationship, 

further friction and heating experiments and organochemical analyses should be performed 

using CM samples with various initial maturities. 

We obtained experimental evidence for the first time that a kinetic effect of heating rate 

is involved in various organochemical reactions of CM. The results of our organochemical 

analyses clearly indicate that a higher heating rate can inhibit various CM maturation reactions, 

including the thermal decomposition of several aromatic compounds and structural 

rearrangement, thus causing extinction of some IR spectral absorbance peaks, increases in the 

ID/IG ratios of Raman spectra, and decreases in the Itoluene/Ibenzene ratios on py-GC/MS 

chromatographs (Figure 5.7). These results suggest that the maximum temperatures reported 
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previously (Hirono et al., 2015; Kaneki et al., 2016; Mukoyoshi et al., 2018) might be too low. 

On the other hand, Kaneki et al. (2018) demonstrated that shear-induced mechanochemical 

effects can increase a reactivity of various organochemical reactions, thus lowering the 

temperatures necessary for the occurrence of CM maturation reactions by approximately 100 °C 

under a normal stress of 3 MPa and a slip distance of 10 m (Figure 5.7). Although this study 

focused only on the kinetic effect of heating rate, to understand the CM maturation process 

during earthquake slip and to establish a more rigorous fault geothermometer based on CM 

maturity, these two, possibly opposite, effects should be considered simultaneously. 

 

 

Figure 5.7. Summary of organochemical reactions of CM as a function of temperature. 

Quantitative data on the mechanochemical effect on reaction temperature are from 

Kaneki et al. (2018), who reported that the mechanochemical effect can cause CM 

maturation reactions to occur at temperatures approximately 100 °C lower under a 

normal stress of 3 MPa and a slip distance of 10 m. exp. experiment. 

 

In this study, we focused on how the heating rate might affect the maturation of CM 

during earthquake slip, and demonstrated experimentally that a high heating rate can inhibit 

various organochemical reactions of CM. Our results suggest that the maximum slip zone 

temperatures estimated previously by slow-rate CM heating experiments (Hirono et al., 2015; 

Kaneki et al., 2016; Mukoyoshi et al., 2018) might be underestimated. Furthermore, 
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mechanochemical effects during earthquake slip can also strongly affect the maturation of CM 

(Kaneki et al., 2018). Therefore, comprehensive consideration of the effects on CM maturation 

of both heating rate and mechanochemistry, as well as of the initial maturity of the starting CM, 

is needed to establish a more rigorous proxy of frictional heat recorded in fault rocks and to 

infer fault slip behaviors during earthquakes. 
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Supporting information 

 

 

Figure S5.1. Numerical simulation results for the heating experiments. Simulated experimental 

relationships between (a) temperature and (b) heating rate and time for a 100-µm-diameter 

particle of CM. 
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Figure S5.2. Peak decomposition method for Raman spectra. Representative Raman 

spectrum (800 °C, fast-rate heating experiment) with peaks decomposed for calculation 

of the ID/IG ratio. Our ID/IG ratios roughly correspond to ID1/ID2 ratios calculated by 

several prior studies (e.g., Furuichi et al., 2015; Ito et al., 2017). 
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Table S5.1. Estimated Raman spectral parameters and gas composition ratios. Average ID/IG 

ratios with standard deviations and Itoluene/Ibenzene ratios, for the starting CM and the products of 

heating experiments. N.A., not available. 

Condition   Heating Temperature (°C)   ID/IG   Itoluene/Ibenzene 

    Starting material   0.571 ± 0.020   0.983 

Slow heating 

  100   0.576 ± 0.029   0.918 

 
200  0.590 ± 0.026  0.950 

 
300  0.593 ± 0.035  0.999 

 
400  0.600 ± 0.015  1.009 

 
500  0.599 ± 0.031  0.829 

 
600  0.624 ± 0.028  0.326 

 
700  0.690 ± 0.020  N.A. 

 
800  0.900 ± 0.029  N.A. 

 
900  1.043 ± 0.030  N.A. 

  1000   1.148 ± 0.026   N.A. 

Fast heating 

 
100  0.586 ± 0.013  0.951 

 
200  0.597 ± 0.013  0.880 

 
300  0.603 ± 0.018  0.904 

 
400  0.581 ± 0.012  0.935 

 
500  0.600 ± 0.013  0.899 

 
600  0.606 ± 0.018  0.869 

 
700  0.610 ± 0.009  0.931 

 
800  0.608 ± 0.012  0.642 

 
900  0.649 ± 0.012  0.253 

  1000   0.799 ± 0.021   N.A. 
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Abstract 

Subduction-related diagenetic reactions, such as the smectite to illite transformation, 

affect fault strength and are thus important for understanding earthquake dynamics in 

subduction zones. Carbonaceous material (CM) is found worldwide in active plate-boundary 

and inland faults, yet the effect of its diagenetic transformation on frictional strength and 

earthquake rupture dynamics remains unknown. We conducted high-velocity friction 

experiments, chemical analyses, X-ray diffraction measurements and transmission electron 

microscope observations on CM in the form of lignite, bituminous coal, anthracite and graphite. 

Our results clearly show that an increase in CM crystallinity through stacking of graphene 

sheets leads to a decrease in the yield friction coefficient (from 0.5 to 0.2). These findings 

suggest that diagenetic transformation of CM progressively weakens carbon-bearing faults with 

increasing depth along the subducting plate interface, possibly affecting rupture propagation 

processes. Thus, diagenetic transformation of CM appears to contribute to the 

depth-dependences of frictional strength and rupture dynamics on plate-subduction faults. 

 

 

6.1. Introduction 

Earthquakes at and around plate-subduction zones sometimes generate gigantic 

tsunamis that endanger coastal areas. Understanding the effect of diagenetic reactions that 

change the physical, hydrological and thermal conditions and processes at plate interfaces is 

important for understanding earthquake dynamics in subduction zones (Moore & Saffer, 2001; 

Saffer & Tobin, 2011). The links between diagenesis and earthquake dynamics along the 

shallow parts of plate subduction interfaces (depths of up to several tens of kilometres) have 

been attributed to changes of the chemistry of fault-forming materials, changes of local physical 

and hydrological properties and changes of pore-fluid pressures (Moore & Vrojilk, 1992), all of 

which are related to smectite to illite transformations (Spinelli & Saffer, 2004; Peltonen et al., 

2009; Saffer et al., 2012; Lauer et al., 2017), as well as crystallization of opal to quartz (Spinelli 

& Saffer, 2004; Hüpers et al., 2017), crystallization of palagonite to smectite (Hüpers et al., 
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2017) and lithification processes (Moore & Saffer, 2001; Saffer & Tobin, 2011; Hüpers et al., 

2017; Lauer et al., 2017). For example, it is likely that large historical earthquakes (Mw ≥ 6.9) 

offshore Costa Rica were associated with dehydration of smectite and illitization-induced silica 

cementation (Lauer et al., 2017). Similarly, the 2004 Sumatra-Andaman earthquake (Mw = 9.2) 

was driven by dehydration of silicates before subduction (Hüpers et al., 2017). However, the 

relationship of diagenetic thermal maturation of carbonaceous material (Schito et al., 2017) to 

fault strength and earthquake rupture dynamics remains poorly understood. 

The frictional strength of faults within the brittle crust is an important controlling factor 

in earthquake mechanics; it governs the dynamics of earthquake nucleation and rupture 

propagation (Scholz, 2002). The results of conventional geological and seismological 

observations and laboratory friction experiments suggest that some faults within the brittle crust 

are frictionally weak (Faulkner et al., 2006; Chiaraluce et al., 2007; Moore & Rymer, 2007; 

Oohashi et al., 2012; Ujiie et al., 2013). Plausible explanations for fault weakness include the 

presence of frictionally weak materials (Moore & Rymer, 2007; Oohashi et al., 2012; Ujiie et al., 

2013), high pore-fluid pressures (Faulkner et al., 2006; Chiaraluce et al., 2007), foliation fabrics 

in fault rocks (Collettini et al., 2009) and dynamic fault-weakening processes (Di Toro et al., 

2011). In particular, the abundance of weak clay minerals has been widely used as an 

explanation for fault weakness in subduction zones (Vrojilk, 1990). 

Carbonaceous material (CM) is another common material in the brittle crust. 

Carbon-bearing rocks are common in both plate-boundary faults (Kaneki et al., 2016; Kirilova 

et al., 2017; Mukoyoshi et al., 2018) and inland active faults (Zulauf et al., 1990; Manatschal, 

1999; Craw, 2002; Oohashi et al., 2011, 2012; Kameda et al., 2014; Kuo et al., 2014; Nakamura 

et al., 2015), and in seafloor sediments near plate-subduction trenches (Premuzic et al., 1982) 

(Figure 6.1). Laboratory experiments have shown that CM has lower frictional resistance 

(Adams et al., 1993; Yu et al., 2007; Oohashi et al., 2011, 2013; Rutter et al., 2013) than typical 

crust-forming rocks on Earth such as granite and sandstone (Byerlee, 1978) and its presence 

weakens fault strength and affects rupture process (Oohashi et al., 2013; Yao et al., 2013; Zhang 

et al., 2013; Kuo et al., 2014; Spagnuolo et al., 2015; Kouketsu et al., 2017). Furthermore, 



Chapter 6. Diagenetic Weakening of CM-bearing Fault 

 130 

increases of the thermal maturity of CM as a result of diagenetic reactions9 probably affect its 

frictional properties (Atkinson & Ko, 1977; Oohashi et al., 2011). However, we know little 

about the relationship of diagenesis-driven CM transformation (maturation of CM) to frictional 

properties in carbon-bearing faults. 

To examine this relationship, we performed chemical analyses, X-ray diffraction 

measurements and transmission electron microscope observations on four samples of simulated 

carbon-rich fault material (lignite, bituminous coal, anthracite and graphite) and then, using 

those samples, conducted rotary-shear friction experiments designed to reproduce seismic slip. 

The frictional properties and chemistry of the CM that we determined enabled us to infer the 

main cause of changes in its frictional strength and to consider the implications of these changes 

for depth-dependent frictional strength of faults and rupture dynamics in plate-subduction 

zones. 
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Figure 6.1. Worldwide distribution of carbon-bearing faults. Map showing 

concentrations of CM in oceanic sediments (Premuzic et al., 1982) and major plate 

boundaries. ENDF, Err Nappe detachment fault (Manatschal, 1999); KTB, KTB 

borehole (Zulauf et al., 1990); LTB, Longmenshan thrust belt (Kuo et al., 2014); AFS, 

Atotsugawa fault system (Oohashi et al., 2012); IUSZ, Inuyama-Unuma shear zone 

(Kameda et al., 2014); TTL, Tanakura Tectonic Line (Oohashi et al., 2011); HMB, 

Hidaka metamorphic belt (Nakamura et al., 2015); AFZ, Alpine fault zone (Kirilova et 

al., 2017); HMSZ, Hyde–Macraes shear zone (Craw, 2002). 

 

 

6.2. Materials and methods 

6.2.1. Extraction of CMs 

Three bulk coal samples (lignite from Yasu, Shiga Prefecture, Japan; bituminous coal 

from Ashibetsu, Hokkaido Prefecture, Japan; anthracite from a mine in Yamaguchi 

Prefecture, Japan) were manually powdered using an agate mortar and pestle. These samples 

were then treated with 18 N HCl for 1 h to remove metals, sulfides, and carbonates. The 

reacted liquid and solid residues were then separated by using a centrifuge. The solid 
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residues were treated with 46 N HF for 1 day to remove silicates, after which the supernatant 

liquid was removed. The precipitates were treated again with 18 N HCl for 1 day to remove 

fluoride by-products, and the supernatant liquid was again removed. Finally, the precipitates 

were rinsed with distilled water and the solid residues were separated by using a centrifuge. 

After three repetitions of this rinsing process, the final solid CM residues were dried at 

50 °C.  

The concentrations of CM in the bulk coal samples were 90.0 ± 12.7 wt.% (lignite), 

99.9 ± 2.5 wt.% (bituminous coal) and 62.8 ± 14.1 wt.% (anthracite).  

We also used a sample of pure graphite (Wako Pure Chemical Industries product No. 

072-03845) to represent fully mature CM. 

 

 

6.2.2. Elemental analysis 

Elemental compositions (C, H, and O) of the four types of CM were determined with an 

elemental analyser (Flash EA 1112, Thermo Finnigan). About 1 mg of dried CM wrapped in tin 

film was first heated to 1000 °C to dissolve the film and then combusted at 1800 °C in a quartz 

column. In CHN measurement mode, N2, CO2, and H2O gas from the heated CM were separated 

in a quartz tube filled with chrome oxide, reduced copper, and cobalt. In O measurement mode, 

a carbon nickel plate, quartz turnings, soda lime, and magnesium perchlorate were used to 

extract CO gas from the pyrolysates in the quartz tube. Sulfanilamide (C, 41.84 wt.%; H, 4.68 

wt.%; N, 16.27 wt.%; S, 18.62 wt.%; O, 18.58 wt.%) was used as a standard to obtain a 

calibration curve for each element. Five measurements were carried out on each type of CM to 

obtain mean values and standard deviations of the atomic ratios of O/C and H/C. 

 

 

6.2.3. Transmission electron microscope observation 

The transmission electron microscope (TEM; JSM-2100, JEOL) we used was operated 

at an acceleration voltage of 200 kV with a magnification of 500,000. Before TEM observations, 
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approximately 30 µL of distilled water was added to a small amount of CM, and 3 µL of the 

resultant suspension was titrated onto a copper microgrid. The microgrid was then dried for 1 

week at 40 °C under vacuum (≤10 Pa). 

 

 

6.2.4. X-ray diffraction analysis 

X-ray diffraction (XRD) profiles of CM were obtained by using a Spectris PANalytical 

X’Pert PRO MPD spectrometer with monochromatised CuKα radiation operated at tube voltage 

of 45 kV and tube current of 40 mA. The scan range was 3°–75° (Δ2θ), an angle resolution of 

0.001°, a scan rate of 0.1° s–1, and a step width of 0.008°. Before analysis, each CM sample was 

dried at 50 °C for several hours. The acquired raw profiles were smoothed by the polynomial 

cubic method at a convolution range of 15, and were thinned by a step width of 0.020°. A 

zero-diffraction plate (made from silicon) was used as a sample holder. 

 

 

6.2.5. Friction experiment 

We used a rotary-shear friction apparatus at Yamaguchi University (Supporting 

Information Figure S6.1) to obtain the changes of shear stress of CM with slip displacement. 

For each experiment, two cylinders of Berea sandstone were first immersed in distilled water 

under vacuum for 1 h. CM powder (particle size ≤75 µm) was then placed on the circular 

surface of the sandstone cylinder to be used on the rotating side of the friction apparatus and 

saturated with 1.0 mL of distilled water. The two cylinders were then placed end to end with the 

CM between them (Supporting Information Figure S6.1) and enclosed in a 

polytetrafluoroethylene sleeve that was attached to the cylinder to be used on the rotating side of 

the apparatus. The sample thus assembled was again immersed in distilled water under vacuum 

for 1 h.  

After placing the sample in the apparatus, it was rotated 2–3 times under normal stress 

of ~0.4 MPa to ensure a uniform thickness of gouge and then, after application of the target 
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normal stress (the pre-compaction step), it was held stationary for 30 min. For all experiments, 

the thickness of the CM after pre-compaction was about 1.3 mm. During pre-compaction, the 

sample was wrapped with a water-saturated cleaning tissue which was in turn wrapped in 

polyolefin film to prevent drying of the CM. Before each experiment, N2 gas was flowed 

through the apparatus for 5 min at a pressure of 0.1 MPa to prevent oxidation (combustion) of 

CM during the experiments. The raw torque data were acquired at a frequency of 200 Hz. 

Torque data acquired before each experiment were used for background correction of the raw 

data, and then the torque data between the Berea sandstone cylinders and the 

polytetrafluoroethylene sleeve was subtracted (Supporting Information Figure S6.2). 

The mechanical data, after subtracting the background noise and friction between the 

specimen and the polytetrafluoroethylene sleeve (Supporting Information Figure S6.2), were 

fitted by the empirical exponential power law using a least-squares fitting method. Although this 

is a broadly accepted method for fitting curves to mechanical data obtained in high-speed 

friction experiments (Oohashi et al., 2011, 2013; Kouketsu et al., 2017), the choice of fitting 

variables is a critical concern. We therefore fitted the corrected mechanical data for four sets of 

variables: (i) τy, τd, and Dc, (ii) τd and Dc, (iii) τy and Dc, and (iv) Dc, where τd is dynamic shear 

stress (MPa), τy is yield shear stress (MPa), and Dc is dynamic slip-weakening distance (m), 

respectively. Fitting curves of representative mechanical data for these four sets of variables are 

shown in Supporting Information Figure S6.3. For the cases where τy and τd were constant, we 

adopted the values of the maximum shear stress at the initial stage of the experiment and the 

average shear stress at displacement of 14–15 m for τy and τd, respectively (Supporting 

Information Figure S6.3). The coefficient of determination (R2) is defined as follows: 

𝑅" = 1 − &'()*+&,)-, .

&'()*+&'()/ . ,  (6.1) 

where τmeas is the corrected shear stress (MPa), τcalc is the shear stress calculated by using a 

least-squares fitting method (MPa), and τmean is the shear stress obtained by averaging the 

corrected shear stress (MPa). Supplementary Figure S6.4 shows all of the corrected mechanical 

data for the four fitting curves for each normal stress and each type of CM. Supplementary 

Figure S6.5 shows the fitting lines and curves for the estimated τy, τd, and Dc values for each 
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type of CM and the four sets of variables. Supporting Information Tables S1–S4 summarize the 

frictional properties we obtained for lignite, bituminous coal, anthracite, and graphite, 

respectively. Among the four fitting methods, using τy, τd, and Dc as variables resulted in the best 

fitting curve with the highest R2 value for all stress conditions. Therefore, we adopted τy, τd, and 

Dc as variables in our calculations of frictional properties. 

 

 

6.3. Results 

6.3.1. Chemistry of CM specimens. 

Our elemental analyses showed the atomic O/C and H/C molar ratios of our samples to 

be respectively 0.37 ± 0.03 and 1.93 ± 0.11 for lignite, 0.07 ± 0.00 and 1.58 ± 0.16 for 

bituminous coal, 0.03 ± 0.00 and 0.74 ± 0.08 for anthracite and 0.00 ± 0.00 and 0.00 ± 0.00 for 

graphite. 

Transmission electron microscope (TEM) observations of the lignite and bituminous 

coal samples showed an absence of crystalline structure without distinct diffraction patterns 

(Figure 6.2a and b), whereas the anthracite showed a small diffraction pattern (Figure 6.2c) and 

the graphite showed well-ordered crystalline structure with a clear diffraction pattern (Figure 

6.2d).  

X-ray diffraction (XRD) profiles of the lignite and bituminous coal samples showed no 

distinct peaks, but each showed a broad peak at 2θ = 20°–30° indicating an amorphous structure 

(Figure 6.2e and f). In contrast, the XRD profile of the anthracite sample showed a relatively 

sharp peak at around 2θ = 25.4° (Figure 6.2g) and that of graphite showed a strong peak at 2θ = 

26.7° (Figure 6.2h). 
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Figure 6.2. Crystallinity of CM specimens. Results of TEM observations of CM 

showing nanoscale structure and diffraction patterns (a to d) and XRD profiles of CM (e 

to h). 

 

 

6.3.2. Frictional properties of CMs 

We conducted rotary-shear friction experiments on our CM samples at normal stresses 

of 0.5, 1.0, 1.5 and 2.0 MPa and a slip rate of 1 m s–1 under water-saturated conditions in a N2 

atmosphere at room temperature. We applied the following empirical exponential 

slip-weakening friction law to determine the best-fit curves for the changes of shear stress with 

displacement: 

𝜏 = 𝜏1 − 𝜏1 − 𝜏2 𝑒𝑥𝑝 −
𝐷
𝐷7

 (6.2) 

where τ is shear stress (MPa) as a function of displacement, D is displacement (m), τd is 

dynamic shear stress (MPa), τy is yield shear stress (MPa), and Dc is dynamic slip-weakening 

distance (m). We then applied the empirical law to determine best-fit curves for the calculated 

values of τy, τd, and Dc: 

𝜏2(1) = 𝜇2(1)𝜎< + 𝐶 (6.3) 
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𝐷7 = 𝛼𝜎<+@  (6.4) 

where µy and µd are yield and dynamic friction coefficients, respectively, σn is normal stress 

(MPa), C is a cohesion term (MPa) and α and β are experimentally determined coefficients. 

All of the samples showed clear decreases in shear stress with increasing slip distance under all 

normal stress conditions (Supporting Information Figure S6.4), and the data were well fitted by 

equation (6.2). The estimated values of τy and τd show strong linearity but the slopes of the 

best-fit lines differ according to the type of CM tested (Figure 6.3a and b), except for τd of 

bituminous coal. Although the µy values for lignite and bituminous coal were almost the same 

(~0.5), those of anthracite and graphite were slightly and markedly lower (0.3–0.4 and 0.1–0.2, 

respectively) (Figure 6.3a). All of the samples showed similar µd values of ~0.1–0.2 (Figure 

6.3b). Dc values decreased with increasing σn and were well fitted by equation (6.4) for all 

samples except graphite, for which Dc values were zero for all stress conditions (Figure 6.3c). 

Although the calculated values of α and β differed slightly (0.00 to 2.63 and 0.00 to 0.66, 

respectively) depending on the type of CM tested, the values obtained are negligible compared 

to those of other rock-forming minerals (3–78 and 1.13–1.24 for α and β, respectively) (Di Toro 

et al., 2011). 

 

 
Figure 6.3. Determination of frictional properties of CM specimens. Estimated values 

of yield shear stress (τy) (a), dynamic shear stress (τd) (b), and dynamic slip-weakening 

distance (Dc) (c) plotted against normal stress. Fitting errors and intercepts of best-fit 

slopes for yield and dynamic friction are also shown. 
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6.4. Discussion and conclusions 

Our TEM observations and XRD measurements clarified the differences in the 

crystallinity of the four types of CM we used. The lignite and bituminous coal samples were 

completely amorphous, with no diffraction patterns in TEM images (Figure 6.2a and b) and a 

clear broad peak at 2θ = 20°–30° in XRD profiles (Figure 6.2e and f). Although lignite showed 

a slightly brighter ring in TEM images than bituminous coal (Figure 6.2a and b), indicating that 

lignite particle observed had more crystal-like structure, such difference is unlikely to cause 

dramatic changes in bulk crystallinity investigated in XRD profiles between two CM samples 

(Figure 6.2 e and f). Anthracite showed a weak diffraction pattern in a TEM image and a 

relatively sharp peak at 2θ = 25.4° in an XRD profile (Figure 6.2c and g), strongly suggesting a 

partly crystallized structure. Graphite was fully crystallized with a clear diffraction pattern and a 

very sharp peak at 2θ = 26.7° (Figure 6.2d and h). 

Previous high-velocity friction experiments on amorphous carbon samples 

corresponding to the lignite and bituminous coal used in this study revealed µy and µd values of 

0.54 and 0.15, respectively (Oohashi et al., 2011); these values are well consistent with our 

experimental results (Figure 6.3a and b). Natural CM-bearing fault rocks or their surrounding 

host rocks, such as those of the Longmenshan fault that slipped during the 2008 Wenchuan 

earthquake, include ~25–30 wt.% poorly crystallized CM and have µy and µd values of 0.47–

0.53 and 0.13–0.16, respectively (Kuo et al., 2014; Kouketsu et al., 2017); these characteristics 

are also well consistent with our results (Figure 6.3a and b). Among the frictional properties we 

determined (Figure 6.3), only the yield friction coefficient µy showed a systematic change 

related to the chemistry of CM, which means that it is a crucial factor when considering friction 

and rupture dynamics along carbon-bearing faults. Our results showed that µy decreased with 

decreasing O/C and H/C ratios (Figure 6.4), and the amorphous CM specimens (lignite and 

bituminous coal) had higher values of µy (~0.5) than the more crystalline anthracite and graphite 

specimens (0.3–0.4 and 0.1–0.2, respectively). Thus, the relationship of the crystallinity of CM 

to its elemental composition is an essential controlling factor for frictional strength. 
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Figure 6.4. Relationships of yield friction with H/C and O/C ratios of CM specimens. 

Errors of yield friction and atomic ratios were derived from fitting errors and standard 

deviations (n = 5), respectively. 

 

Previous studies have reported that faults become weak when they contain ≥20 vol.% 

CM in bulk samples (Oohashi et al., 2013; Rutter et al., 2013). Thus, although the typical 

concentrations of CM in and around plate-subduction zones (≥1 vol.%; Figure 6.1) might be 

insufficient to cause quasi-static fault weakening, the segregation of weak material into layers 

on the fault plane can weaken faults at much lower concentrations of CM (a few vol.%) 

(Niemeijer et al., 2010; Rutter et al., 2013; Smeraglia et al., 2017). Such layering may be a 

result of deposition of CM from C-H-O-rich fluids along faults (Luque et al., 2009), diffusive 

mass transfer processes (Oohashi et al., 2012), and formation of CM from carbonate minerals 

by frictional slip (Oohashi et al., 2014; Spagnuolo et al., 2015; Delle Piane et al., 2018). Thus, 

small amounts of CM in faults are likely to cause disproportionate fault weakening in and 

around subduction zones. 

The progress of diagenetic reactions depends mainly on temperature and burial depth. 
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For example, the smectite to illite transformation at temperatures of 60–140 °C (Freed & Peacor, 

1989) can lead to an increase in the frictional strength of fault rocks. The crystallinity of CM 

can increase with increasing temperature (Schito et al., 2017), leading to a dramatic decrease in 

yield friction (Figure 6.4). By considering our results together with previous chapters, we 

developed a schematic cross section illustrating the transitions with increasing temperature of 

yield frictional strength, crystallinity and representative molecular structures of CM in a 

subducting oceanic plate (Figure 6.5). In addition, mechanical and thermal processes during 

coseismic slip on a carbon-bearing fault can enhance the transformation of CM (Chapters 3–5), 

which might contribute to the maturation of the CM in plate-subduction faults. Thus, in addition 

to diagenetic CM reactions, coseismic transformation should be considered as a potential factor 

controlling CM distribution and thus frictional strength of carbon-bearing faults. 

 

 

Figure 6.5. Schematic model of diagenetic transformation of CM along a subducting 

plate interface. Simplified tectonic cross section showing depth- and 

temperature-dependent changes in typical slip behaviours (Hyndman et al., 1997) and 

progressive maturation of CM. Changes with depth of yield friction, crystallinity and 

representative molecular structure for each type of CM are also shown (as inferred from 

friction experiments, TEM observations and XRD measurements, and Matthews & 

Chaffee, 2012, respectively). 
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The frictional data obtained from high-velocity friction experiments provide insights 

into the process of rupture propagation during an earthquake (Faulkner et al., 2011; Yao et al., 

2013). For example, fracture energy, G, which is calculated from the evolution of shear stress 

during slip, is a key factor for the control of rupture dynamics during an earthquake (McGarr et 

al., 2004; Andrews, 2005; Cocco et al., 2006). G is the energy required to advance a rupture 

front along a fault and, in the case of an “ideal” (Griffith) crack, all of the fracture energy is 

consumed as surface energy to generate new slip interface (Palmer & Rice, 1973). Some 

seminal studies (Andrews, 1976; McGarr et al., 2004; Cocco et al., 2006) have proposed that G 

determines rupture velocity. Theoretical calculations have suggested that the lower the ratio of 

G to total seismic energy (i.e., as G decreases), the higher the rupture velocity (Andrews, 2005), 

possibly because the lower yield shear strength of the fault provides less resistance to rupture 

propagation. To investigate the influence of diagenetic reactions of CM on the rupture dynamics 

of carbon-bearing faults, we calculated G for all of our experiments (with the exception of 

bituminous coal under 1 MPa) by using the following equation (Abercrombie & Rice, 2005): 

𝐺 = 𝜏BCDE − 𝜏1
F

G
𝑑𝑡 (6.5) 

The resultant values of G for amorphous CM samples were 1.15 ± 0.08 and 1.00 ± 0.26 MJ m–2 

for lignite and bituminous coal, respectively, which were higher than those of partly and 

completely crystallized CM (0.72 ± 0.13 and 0.00 ± 0.00 MJ m–2 for anthracite and graphite, 

respectively). These results suggest that diagenetic crystallization of CM with increasing depth 

decreases G and may thus increase rupture velocity in plate-subduction faults. Given that 

rupture velocity of mode III crack cannot exceed S-wave velocity VS (Scholz, 2002), such 

potential differences in rupture velocity cannot be attributable to the increase in density with 

increasing CM maturity that results in decrease in VS. Although another factor controlling VS, 

shear modules, may play a dominant role in increase in rupture velocity, however, further 

investigations are required to determine the main control on changes in rupture velocity of CM. 

The stress ratio (S) is another important influence on rupture propagation and is 

expressed as follows (Andrews, 1976; Scholz, 2002): 



Chapter 6. Diagenetic Weakening of CM-bearing Fault 

 142 

𝑆 = (𝜏2 − 𝜏K)/(𝜏K − 𝜏1) = (𝜇2 − 𝜇K)/(𝜇K − 𝜇1) (6.6) 

where τi is initial shear stress (MPa) and µi is initial friction coefficient. S is a 

dimensionless parameter that controls the evolution of rupture with time and slip (Andrews, 

1976, 1985; Das & Aki, 1977; Bruhat et al., 2016). For example, numerical modelling of 

rupture propagation along a mode II crack by assuming a simple slip-weakening model and S of 

0.8 has shown that as time and slip increase, rupture velocity passes through Rayleigh-wave 

velocity and finally approaches P-wave velocity (Andrews, 1985). Similarly, fault-plane 

modelling (Das & Aki, 1977) has suggested that a fault patch with a higher stress ratio than 

surrounding patches restrains rupture propagation because its higher yield shear strength or 

lower initial background shear strength makes rupture propagation more difficult. Thus, the 

stress ratio is universally applicable in studies of earthquake rupture dynamics.  

We calculated stress ratios for each of our CM samples based on the experimentally 

determined frictional properties (Figure 6.3) and equation (6.6). Although our high-velocity 

friction experiments provided only τy and τd, previous experiments on pure CM have provided 

friction coefficients at low slip velocity, which corresponds to µi in equation (6.6), of 0.43 and 

0.09 for amorphous and crystallized CM, respectively (Oohashi et al., 2011). Therefore, we 

calculated the stress ratios for lignite, bituminous coal and graphite to be 0.25, 0.15 and 5.00, 

respectively. Importantly, this systematic increase of stress ratio with increasing maturity of CM 

indicates that the progressive diagenetic reactions of CM with increasing depth may inhibit 

rupture propagation. Thus, we can infer from our experimental results that higher values of G, 

lower stress ratios and lower rupture velocities are more likely to occur along the shallow part 

of plate-boundary faults; these conditions are consistent with the results of analyses of dense 

seismic array data (Meng et al., 2011) and two-dimensional dynamic rupture modelling (Huang 

et al., 2014) of the 2011 Tohoku-Oki earthquake. Therefore, the diagenetic reactions of CM are 

important processes that affect earthquake rupture dynamics along carbon-bearing 

plate-subduction faults. 

Our experiments revealed that the yield friction of CM decreases systematically as its 

crystallinity increases. Diagenetic reactions of CM accompanying plate subduction can increase 
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CM crystallinity such that carbon-bearing faults are progressively weakened with increasing 

depth along the subducting plate interface. Our experimental results also imply that the 

progression with depth of diagenetic reactions of CM in faults is likely to cause a decrease in 

fracture energy and an increase in stress ratio, possibly affecting the rupture process of those 

faults. We suggest that, in addition to the effect of diagenetic reactions such as the smectite to 

illite transformation, the increase with depth of crystallinity of CM is an important mechanism 

that affects earthquake dynamics at plate-subduction boundaries worldwide. To improve our 

understanding of earthquake mechanics for carbon-bearing faults, in terms of both rupture 

initiation and propagation, further low-velocity friction experiments on CM, which determine 

frictional properties and its relation to the rate-and-state friction law (Dieterich, 1978; Ruina, 

1983), are needed. 
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Supporting information 

 

 
Figure S6.1. Friction apparatus and sample assemblage. (a) Simplified sketch of high-velocity 

rotary friction apparatus at Yamaguchi University (modified from Mizoguchi et al., 2009). 1, 

specimen; 2, specimen holder; 3, motor; 4, torque limiter; 5, torque gauge; 6, electromagnetic 

clutch; 7, rotary encoder; 8, rotary column; 9, torque-axial force gauge; 10, ball spin; 11, axial 

force gauge; 12, air actuator; 13, displacement transducer. (b) Detailed view of sample 

assemblage. 
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Figure S6.2. Change of shear stress of polytetrafluoroethylene sleeve with slip. 

Mechanical data used for correction of torque between the polytetrafluoroethylene 

sleeve and the Berea sandstone (Supporting Information Figure S6.1b). 
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Figure S6.3. Four patterns for fitting of data from friction experiments. Variables for 

fitting were (a) τy, τd, and Dc, (b) τd and Dc, (c) τy and Dc, and (d) Dc. Data of shear stress 

with slip shown are from lignite at 0.5 MPa normal stress. Coefficients of determination 

(R2 values) are calculated by using equation (6.1). 
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Figure S6.4. Results of curve fittings for all experiments. Normal stresses applied were 

(a–d) 0.5 MPa, (e–h) 1.0 MPa, (i–l) 1.5 MPa, and (m–p) 2.0 MPa. Each graph shows 

fitting curves derived by applying equation (6.2) with four different sets of variables. 

Coefficients of determination (R2 values) were calculated using equation (6.1) in the 

Methods section.  
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Figure S6.5. Determination of frictional properties for variable fitting conditions and 

CM types. Linear correlations of normal stress with (a–d) yield shear stress and (e–h) 

dynamic shear stress were obtained using equation (6.3). Exponential correlation of 

normal stress with critical slip-weakening distance (i–l) were obtained using equation 

(6.4). All values of the frictional properties presented are summarized in Supporting 

Information Tables S1–4. 
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Table S6.1. Summary of frictional properties determined for lignite for all curve-fitting cases 

with different sets of variables and normal stresses. 

Sample Variables σn (MPa) τy (MPa) τd (MPa) Dc (m) µy µd α β 

Lignite 

τy, τd, Dc 

0.5 0.351 0.060 4.103 

0.50 ± 0.04 0.15 ± 0.04 2.63 0.66 
1.0 0.586 0.220 2.855 

1.5 0.901 0.258 1.918 

2.0 1.072 0.295 1.566 

τd, Dc 

0.5 0.629 0.103 1.136 

0.85 ± 0.05 0.14 ± 0.04 0.76 0.53 
1.0 1.066 0.265 0.579 

1.5 1.405 0.285 1.036 

2.0 1.932 0.335 0.689 

τy, Dc 

0.5 0.353 0.063 3.963 

0.51 ± 0.04 0.17 ± 0.03 2.69 0.64 
1.0 0.569 0.201 3.465 

1.5 0.905 0.264 1.861 

2.0 1.094 0.333 1.333 

Dc 

0.5 0.629 0.063 1.698 

0.85 ± 0.05 0.17 ± 0.03 1.04 0.73 
1.0 1.066 0.201 1.075 

1.5 1.405 0.264 0.934 

2.0 1.932 0.333 0.715 
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Table S6.2. Summary of frictional properties determined for bituminous coal for all 

curve-fitting cases with different sets of variables and normal stresses. 

Sample Variables σn (MPa) τy (MPa) τd (MPa) Dc (m) µy µd α β 

Bituminous 

coal 

τy, τd, Dc 

0.5 0.356 0.071 2.522 

0.46 ± 0.05 0.08 ± 0.05 1.90 0.33 
1.0 0.522 0.223 1.344 

1.5 0.733 0.197 2.297 

2.0 1.057 0.219 1.300 

τd, Dc 

0.5 0.396 0.073 2.197 

0.72 ± 0.02 0.10 ± 0.06 1.07 0.98 
1.0 0.739 0.235 0.579 

1.5 1.079 0.225 1.036 

2.0 1.474 0.238 0.689 

τy, Dc 

0.5 0.362 0.092 2.064 

0.46 ± 0.05 0.07 ± 0.08 1.50 0.25 
1.0 0.577 0.297 0.539 

1.5 0.746 0.212 2.064 

2.0 1.071 0.229 1.225 

Dc 

0.5 0.396 0.092 1.884 

0.72 ± 0.02 0.07 ± 0.08 0.97 0.83 
1.0 0.739 0.297 0.297 

1.5 1.079 0.212 1.122 

2.0 1.474 0.229 0.715 

 

  



Chapter 6. Diagenetic Weakening of CM-bearing Fault 

 156 

Table S6.3. Summary of frictional properties determined for anthracite for all curve-fitting 

cases with different sets of variables and normal stresses. 

Sample Variables σn (MPa) τy (MPa) τd (MPa) Dc (m) µy µd α β 

Anthracite 

τy, τd, Dc 

0.5 0.322 0.068 2.118 

0.35 ± 0.04 0.13 ± 0.02 1.76 0.26 
1.0 0.560 0.105 1.646 

1.5 0.661 0.198 1.775 

2.0 0.870 0.257 1.378 

τd, Dc 

0.5 0.435 0.073 1.395 

0.66 ± 0.03 0.14 ± 0.02 0.76 0.91 
1.0 0.797 0.116 0.931 

1.5 1.156 0.235 0.315 

2.0 1.423 0.282 0.462 

τy, Dc 

0.5 0.329 0.086 1.724 

0.37 ± 0.04 0.14 ± 0.03 1.56 0.21 
1.0 0.561 0.106 1.634 

1.5 0.661 0.199 1.769 

2.0 0.916 0.299 1.020 

Dc 

0.5 0.435 0.086 1.232 

0.66 ± 0.03 0.14 ± 0.03 0.80 0.69 
1.0 0.797 0.106 0.997 

1.5 1.156 0.199 0.521 

2.0 1.423 0.299 0.419 
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Table S6.4. Summary of frictional properties determined for graphite for all curve-fitting cases 

with different sets of variables and normal stresses. 

Sample Variables σn (MPa) τy (MPa) τd (MPa) Dc (m) µy µd α β 

Graphite 

τy, τd, Dc 

0.5 0.099 0.091 0.000 

0.14 ± 0.02 0.08 ± 0.01 0.000 0.000 
1.0 0.188 0.141 0.000 

1.5 0.219 0.188 0.000 

2.0 0.325 0.200 0.000 

τd, Dc 

0.5 0.119 0.091 0.000 

0.13 ± 0.03 0.08 ± 0.01 0.000 0.000 
1.0 0.226 0.141 0.000 

1.5 0.222 0.188 0.000 

2.0 0.334 0.200 0.000 

τy, Dc 

0.5 N/A N/A N/A 

N/A N/A N/A N/A 
1.0 N/A N/A N/A 

1.5 N/A N/A N/A 

2.0 0.314 0.260 0.000 

Dc 

0.5 N/A N/A N/A 

0.11 0.07 0.000 0.000 
1.0 0.226 0.192 0.000 

1.5 N/A N/A N/A 

2.0 0.334 0.260 0.000 
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In this thesis, I have reported experimentally-based studies focusing on CM reactions 

that take place at plate-subduction faults and its effect on earthquake dynamics. The main 

findings in this thesis are listed below. 

(1) Earthquake-induced CM reactions that changes its maturity are likely to occur in natural and 

experimental fault rocks (Chapters 2, 3, 4, and 5). 

(2) CM maturity can be a useful indicator for detecting frictional heat in fault rocks (Chapter 3). 

(3) Kinetic effects by mechanochemistry and heating rate can strongly affect progress of CM 

reactions during earthquake (Chapters 4 and 5). 

(4) CM loses its frictional strength with increasing maturity, possibly affecting earthquake 

rupture dynamics in plate-subduction zones (Chapter 6). 

Although this thesis provided clear evidences that verify CM as a useful thermal 

indicator (Chapter 3), comprehensive understanding on reaction kinetics of CM is hampered by 

the complicated mechanical and thermal effect during earthquakes (Chapters 4 and 5). 

Nakamura et al. (2017) recently examined crystallization of amorphous carbon under different 

normal stress conditions and reported kinetic parameters for graphitization process. However, 

they only focused on graphitization of CM, and thus reaction kinetics of CM associated with 

earthquake slip should be experimentally investigated. As addressed in Chapter 5, initial 

condition of CM may control reaction paths of CM maturation (Furuichi et al., 2015; Kuo et al., 

2017), suggesting that fault geothermoremeter based on CM maturity should consider its initial 

condition by means of elemental analysis and py-GC/MS analysis. Furthermore, cumulative 

effect by repeated earthquake events on CM maturation should be considered for more accurate 

geothermometer for fault rocks (Fulton & Harris, 2012). To overcome these problem, further 

experiments that aim to construct kinetics of CM reactions by considering all of described 

effects are required. 

Chapter 6 showed systematic decrease in frictional strength of CM with increasing 

crystallinity. However, I only used CM samples with three different crystallinity; perfectly 

amorphous carbon (lignite and bituminous coal), partly crystalized carbon (anthracite), and 

perfectly crystalized carbon (graphite). It is thus necessary to conduct additional experiments on 
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CM samples for describing empirical law laying between degree of crystallinity and frictional 

strength. Furthermore, as described in Chapter 6, high-velocity friction experiments can only 

consider rupture propagation process. Another important dynamics process, rupture nucleation, 

should be discussed based on the rate-and-state friction law of CM obtained by performing 

low-velocity friction experiments. For better understanding of earthquake dynamics of 

carbon-bearing faults, further friction experiments at both low and high slip velocity should be 

conducted in the future. 
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