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Abstract
The timing and thermal effects of fault motions can be
constrained by fission-track (FT) thermochronology and
other thermochronological analyses of fault zone rocks.
Materials suitable for such analyses are produced by fault
zone processes, such as: (1) mechanical fragmentation of
host rocks, grain-size reduction of fragments and recrys-
tallisation of grains to form mica and clay minerals,
(2) secondary heating/melting of host rocks as the result
of friction and (3) mineral vein formation as a conse-
quence of fluid flow associated with fault motion. The
geothermal structure of fault zones is primarily controlled
by three factors: (a) the regional geothermal structure
around the fault zone that reflects the background
thermotectonic history of the study area, (b) frictional
heating of wall rocks by fault motion and consequent heat
transfer into surrounding rocks and (c) thermal effects of
hot fluid flow in and around the fault zone. The thermal
sensitivity of FTs is briefly reviewed, with a particular
focus on the fault zone thermal processes, i.e., flash and
hydrothermal heating. Based on these factors, represen-
tative examples as well as key issues, including sampling
strategy, are highlighted for using thermochronology to
analyse fault zone materials, such as fault gouges,
pseudotachylytes and mylonites. The thermochronologic
analyses of the Nojima fault in Japan are summarised, as
an example of multidisciplinary investigations of an
active seismogenic fault system. Geological, geomorpho-
logical and seismological implications of these studies are
also discussed.

12.1 Introduction

Seismic activity and faulting are manifestations of geody-
namic processes of the dynamic Earth. They involve a series
of fault zone processes and products, such as gouge and
pseudotachylyte formation, as a result of repeated fault
motions on a geologic timescale at different crustal depths.
Because those processes are accompanied by temperature
changes along the fault zone, geo- and thermochronological
techniques are potentially useful to detect and date the
thermal episodes under active and ancient faulting regimes.
In particular, fission-track (FT), K–Ar (Ar/Ar) and U–Th
methods have successfully been applied to fault zone rocks
at a variety of tectonic settings (e.g. Flotte et al. 2001; van
der Pluijm et al. 2001; Mulch et al. 2002; Boles et al. 2004;
Murakami and Tagami 2004; Sherlock et al. 2004; Zwing-
mann and Mancktelow 2004; Murakami et al. 2006a; Rol-
land et al. 2007; Haines and van der Pluijm 2008; see
Tagami 2012 for a review). In addition, (U–Th)/He analyses
have recently been conducted on zircon separates from fault
zones (Yamada et al. 2012; Maino et al. 2015; see also Ault
et al. 2015 for haematite analysis).

Compared to other techniques, the advantages of the FT
(and also the (U–Th)/He) method where applied to fault
zones are: (1) greater thermal sensitivity for secondary
heating episodes associated with faulting; (2) higher
mechanical/chemical survivability of mineral grains used for
FT analysis (e.g. zircon) in the core of fault zones and
(3) widespread occurrence of mineral grains used for FT
analysis (i.e. apatite and zircon) within continental crust
rocks. As a result, FT analysis revealed thermal histories in
or near fault zones in various regions, for example, the
Median Tectonic Line in Japan (Tagami et al. 1988), the
Alpine fault in New Zealand (Kamp et al. 1989), the Pejo
fault system in the Italian Eastern Alps (Viola et al. 2003),
the San Gabriel Fault in California (d’Alessio et al. 2003)
and the Nojima Fault in Japan (Murakami and Tagami
2004).
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This chapter reviews the state-of-the-art of FT ther-
mochronology of seismogenic fault zones and illustrates the
relevant scientific backgrounds of fault zone processes and
materials, geothermal regime of fault zones, thermal stability
of FTs in fault settings and key studies of application to
different fault lithologies.

12.2 Fault Zone Processes and Materials

12.2.1 Faults and Fault Zone Rocks

The schematic cross-section of a typical fault zone1 is shown
in Fig. 12.1a, where the geologic features of fault rocks are
presented along with thermomechanical characteristics (see
also Chap. 10, Malusà and Fitzgerald 2018). Fault zone
rocks are classified as gouges, cataclasites, pseudotachylytes,
mylonites, etc., based primarily on their textures (Sibson
1977). The formation process of fault zone materials
includes three primary categories: (1) mechanical fragmen-
tation of host rocks, coupled with grain-size reduction and
recrystallisation to form secondary minerals, such as clay;
(2) frictional heating by fault motions that occasionally leads
to melting of wall rocks and (3) fluid flow and chemical
precipitation to form mineral veins. These processes are
described below in more detail.

12.2.2 Grain-Size Reduction
and Recrystallisation

Frictional fault motion, which is controlled by brittle fracture
at shallow crustal levels, causes damage and abrasion of
host-rock surfaces. As a result, loose particles with angular
shapes, called gouge, are formed. As the faulting progresses,
the gouge shears as a granular material, resulting in a sys-
tematic reduction in the average grain size.

Fault gouges generally contain a variety of neoformed
clay minerals, such as illite and smectite. In igneous and
metamorphic environments, in situ clay mineralisation plays
a major role in forming authigenic clays in gouge. Fluid flow
is likely a key factor to promote mineralogical reactions, and
the authigenic illites formed are useful for K–Ar (Ar/Ar)
dating.

At deeper crustal levels where rock-forming minerals are
semi-brittle to plastic, ductile faulting (or shearing) is dom-
inant and likely forms mylonites. Recrystallisation of biotite
takes place at *350–400 °C (Simpson 1985), whereas
white micas are formed by synkinematic crystallisation at

the expense of feldspars at *400 °C (Rolland et al. 2007).
Those newly formed micas are widely used for Ar/Ar ther-
mochronology (see Tagami 2012 for more details).

12.2.3 Frictional Heating and Pseudotachylyte
Formation

The mechanical work of faulting primarily comprises three
factors: (a) frictional heating, (b) surface energy of gouge
formation and (c) elastic radiation (Scholz 2002). Factors
(b) and (c) are in general much less important than frictional
heating, and thus the mechanical work is primarily expended
by the generation of frictional heat. The generation of heat
on a fault plane can accordingly be approximated as:

sv ¼ q ð12:1Þ
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Fig. 12.1 Synoptic model of a fault zone. a Fault rocks and
deformation mechanisms against depth (and temperature). b Permeabil-
ity structure and thermal regime (after Scholz 1988; Tagami 2012, as
modified from Fig. 10.4a—Malusà and Fitzgerald 2018)

1“Fault zone” is a term to describe the spatial extent along a fault where
rocks are significantly deformed by the faulting.
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where s is the mean shear stress acting on a fault sliding at
velocity m, and q is the heat flow generated by the fault
motion (Scholz 2002).

The thermomechanical behaviour of faulting is classified
into two general regimes: (a) under brittle conditions, a
transient heat pulse is generated by rapid coseismic fault slip,
with m = *10–100 cm/s; (b) under ductile conditions, heat
generation can be regarded as steady-state, due to a
long-term fault motion averaged over geological time, with
m = *1–10 cm/year (Scholz 2002).

In the brittle regime, heat generation is highly localised
near the fault zone owing to the greater m coupled with low
thermal conductivity of rocks. In this case, fault zone rocks
can occasionally be molten to form glassy vein-shaped
rocks, called pseudotachylytes (Sibson 1975). In contrast,
the latter type of heating is expected to form a broader,
regional thermal anomaly across the fault zone due to the
smaller m and constant heat generation. Some regional
metamorphic aureoles in convergent plate boundaries (or
transcurrent shear zones) may be attributable to such
long-term heating at depths (Scholz 1980). In both regimes,
the time and magnitude of heating can be assessed quanti-
tatively by thermochronology using FT and other tech-
niques, although the rock sampling strategy is substantially
different between the two.

The energy budget of earthquakes can also be estimated
by thermochronological methods. The mechanical work of
fault motion, Wf, is a function of mean shear stress, which is
difficult to measure directly on the fault plane. Thus, an
available approach to constrain Wf is to measure the gener-
ated heat flow q during an earthquake. This can be achieved
either by: (a) detection of the temperature anomaly across
the fault zone by drilling into the fault soon after the
earthquake (Brodsky et al. 2010, and references therein), or
(b) geothermometric analyses of fault zone rocks that
experienced frictional heating, such as vitrinite reflectance or
FT analysis (e.g. O’Hara 2004).

12.2.4 Fluid Flow and Mineral Vein Formation

A variety of mineral veins in fault zones, such as calcite,
quartz and ore deposits, are typically formed as fracture
fillings under an extensional regime, as a consequence of
fluid flow and in situ chemical precipitation. At crustal
temperatures exceeding 200–300 °C, the healing and sealing
of fractures effectively proceeds to produce veins, probably
within the conventional lifetime of hydrothermal systems
(Cox 2005). Hence, the formation of extensional vein arrays
in seismogenic crustal depths can closely represent the time
of brittle failure and permeability enhancement that induce
fluid flow. During the seismic cycle of a fault system, a

significant slip event likely produces large ruptures in the
fault zone, reduces the fault strength, enhances fluid flow
and eventually leads to veins formation (e.g., Sibson 1992).
This seismic episode is followed by an interseismic period
when the fault strength is progressively recovered as the
healing and sealing of ruptures progresses. This evolution is
called fault-valve behaviour (Sibson 1992).

The time of brittle failure and permeability enhancement
of a fault zone can be constrained by dating mineral veins.
U–Th disequilibrium analysis of carbonate veins has suc-
cessfully been applied to date neo-tectonic fault systems
(Flotte et al. 2001; Boles et al. 2004; Verhaert et al. 2004;
Watanabe et al. 2008; Nuriel et al. 2012). In addition, hot
fluid flow caused by brittle faulting should be recorded in
adjacent wall rocks as a thermal anomaly, which may be
detected by low-temperature thermochronology of host
minerals, e.g. FT analysis on apatite and zircon separated
from fault zone rocks.

12.3 Thermal Regime of Fault Zones

This section provides a brief overview of temperature vari-
ations in a fault zone in space and time. The thermal regime
is a key parameter governing the response of applied ther-
mochronometers in terms of thermal stability (or
retentivity/diffusivity) of accumulated daughter nuclides (or
lattice damages) in the target mineral.

12.3.1 Regional Geothermal Structure
and Background Thermal History

The geothermal structure of solid Earth can be approximated
by a one-dimensional temperature profile against depth from
the Earth’s surface. The temperature increases toward the
centre of the Earth, with a higher geothermal gradient within
the lithosphere. Tectonics perturbs the first-order geothermal
structure of the upper continental crust with significant
departures from its average geothermal gradients, generally
assumed to be on the order of 30 °C/km (see discussion in
Chap. 8, Malusà and Fitzgerald 2018). The thermal regime
of a fault zone is controlled by three factors (Fig. 12.1b):
(a) the regional geothermal structure and background ther-
mal history of the study area, (b) frictional heating of the
wall rocks during faulting in the brittle regime and (c) heat-
ing of the wall rocks by hot fluid flow in and around the fault
zone.

Where the fault motion has some vertical component, the
two blocks separated by the fault show differential
uplift/subsidence movements with respect to each other. If
uplift is accompanied by exhumation, the rocks within the
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uplifted block effectively cool down, due to the resultant
long-term downward motion of geotherms to adjust for the new
state of geothermal equilibrium. Conversely, if subsidence is
accompanied by sediment deposition, the rocks within the
subsided block are effectively heated, as a result of burial and
long-term upward motion of geotherms (note that the thermal
effects of thrust faulting can be grossly different (e.g. Metcalf
et al. 2009)). As the fault motion continues, the amount of fault
slip accumulates and thus the difference in the thermal signa-
ture progressively increases between rocks that were once
juxtaposed each other across the fault boundary. The difference
eventually may become large enough to be resolved by an
appropriate thermochronometric technique, which then places
constraints on the timing and magnitude of vertical components
of the accumulated fault motions. Low-temperature ther-
mochronology using (U–Th)/He, FT and/or K–Ar (40Ar/39Ar)
techniques is particularly useful for reconstructing such regio-
nal thermal histories. Note that such modifications to the
background thermal structure occur over timescales that are
much longer than those characterising thermal processes within
a fault zone, i.e. frictional heating in the brittle regime and hot
fluid flow. Also note that, on a regional scale, the background
thermal history may vary depending on a variety of factors,
such as surface topography, spatial variation of geothermal
structure, tectonic tilting and ductile deformation at depth (see
Chap. 8, Malusà and Fitzgerald 2018).

12.3.2 Frictional Heating of Wall Rocks by Fault
Motion

Frictional heating in the brittle deformation regime is char-
acterised by episodic temperature increase up to *1000 °C,
within a typical time period of several seconds and a spatial
range of several mm from the fault (Fig. 11.1b). Lachen-
bruch (1986) quantified the production of frictional heat and
its conductive transfer into wall rocks, using the heat con-
duction models of Carslaw and Jaeger (1959). Suppose a
fault slips along a fault zone of width 2a during a time
interval 0 < t < t*, where t* is a duration of the slip. Within
the fault zone (0 < x < a, where x is a distance to the fault
plane), the temperature rise DT during faulting (t < t*) is
given by

DT ¼ s
qc
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where q is the density, c is the specific heat and a is the
thermal diffusivity (Fig. 12.2), whereas the temperature rise
after faulting (t* < t) is given by
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Instead, outside of the fault zone (x > a), the temperature

rise DT during faulting (t < t*) is given by
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and the temperature elevation after faulting (t* < t) is given
by
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The mean shear stress s can then be estimated using these
equations, where geothermometric analysis of known
kinetics is carried out (O’Hara 2004; Tagami 2012).

0 500 1000 1500 2000 2500

Temperature (°C)

0

10

10

20

20

30

30

D
is

ta
nc

e 
(m

m
)

0 500 1000 1500 2000 2500

Temperature (°C)

0

10

10

20

20

30

30

5s5s4s3s2s1s0 s10 s20 s30s60s

Pseudotachylyte

Wall rock

Wall rock

Temperature increase
during faulting (0 to 5 s)

Temperature decay
after faulting (5 to 60 s)

Shear heating
propagation

in the wall rock

Shear heating
propagation

in the wall rock

Localized T increase

Fig. 12.2 Profiles of temperature increase during faulting (left) and
temperature decay after a faulting event (right), for a shear work of
50 MPa m. The temperature increase ΔT was calculated using the
equations of Carslaw and Jaeger (1959) and Lachenbruch (1986),
assuming a duration of the local seismic slip of 5 s. The temperature
exceeds 1000 °C in a faulting zone of 8 mm width (grey box) for
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According to Lachenbruch (1986), if the slip duration t*
is negligibly small relative to post-seismic observation time
(t − t*), and also if our observation time t is sufficiently
large compared to the time constant k of the shear zone
(k = a2/4a), Eqs. (12.2)–(12.5) can be simplified (for any x,
t � t*, and t � k) to

DT ¼ ðsu=qcÞ ðpatÞ�1=2 exp ð�x2=4atÞ ð12:6Þ
where u is the slip distance (u = mt*). The mean shear stress
s can accordingly be calculated for certain x and t conditions
by substituting individual appropriate values to q, c and a,
and by measuring DT and u. This approach was applied to
the case of temperature anomaly measurement across a fault
zone, conducted by drilling into the fault soon after the
earthquake (Brodsky et al. 2010).

12.3.3 Hot Fluid Flow in and Around the Fault
Zone

Fluid flow within a fault zone can be inferred from the
occurrence of mineral veins formed by in situ chemical
precipitation (see Sect. 12.2.4). The spatial range of the
effective flow is primarily on the order of 1–100 m normal to
the fault, based on natural occurrences of mineral veins (e.g.
Boles et al. 2004; Watanabe et al. 2008; Cox 2010). The
permeability structure of fault zones, which is a key to
control the flow, in general consists of three regions: (a) the
fault core, which comprises fault gouge and breccia, both
characterised by low permeability; (b) the damage zone,
which consists of fractured rocks and has high permeability
that offers effective pathways for seepage flows and (c) the
bedrock protolith with low permeability (Evans et al. 1997;
Seront et al. 1998). The mean permeability of a fault zone is
inferred to decrease with time, as a result of
narrowing/closure of pathways due to the continued fluid
flow with chemical precipitation to form veins. The perme-
ability likely recovers if the fault zone experiences new
seismic activity and resultant reopening of the pathways.
This temporal model was first tested by the Nojima Fault
Zone Probe Project (see review in Tagami 2012).

If the seepage flow in a fault zone is dominated by
upward components, the fault zone is heated by flows from
deeper crustal levels and is hotter than the environmental
temperature (Fig. 12.1b). Hot springs are often found near
active fault systems, and some of them likely have deep
origins as indicated by their geochemical signatures (e.g.,
Fujimoto et al. 2007). Some of the large faults continue from
the surface to >10 km depths (Scholz 2002), and the tem-
perature of upcoming fluids is estimated to exceed 300 °C
under the assumption of a normal geothermal gradient of
*30 °C/km, and neglecting heat loss during seepage flow.

12.4 FT Stability During Flash
and Hydrothermal Heating

This section gives a brief overview of the kinetic formulation
of FT annealing and its application to fault zone settings. If a
host rock undergoes a temperature increase, fission tracks
that have been accumulated are shortened progressively and
eventually erased by thermal annealing. The reduction of FT
lengths is a function of heating time and temperature, and the
temperature interval of partial annealing is substantially
variable among different minerals. FT annealing is more
precisely quantified by using the reduction of etched track
length than the etched track density (see Chap. 3, Ketcham
2018), and the shape of the track-length distribution is
diagnostic of the thermal history of the rock. Accordingly,
horizontal confined track lengths are routinely analysed to
determine the annealing kinetic functions, an example of
which is:

l ¼ 11:35 1� exp �6:502þ 0:1431
ðln tþ 23:515Þ

ð1000=T � 0:4459Þ
� �� �

ð12:7Þ
where l is the mean FT length in zircon, after annealing at
T Kelvin for t hours (Tagami et al. 1998). For more details,
see other comprehensive reviews (e.g. Donelick et al. 2005;
Tagami 2005; Tagami and O’Sullivan 2005).

The thermal regime of fault zones is characterised by
frictional heating and hot fluid flow, in addition to the
regional background geothermal structure. Hence, for reli-
able FT thermochronologic analysis of fault zones, addi-
tional consideration is needed to assess the influence of both
high-temperature short-term heating and hydrothermal
heating on the FT annealing kinetics (which is usually
determined in a dry atmospheric environment in a conven-
tional laboratory and extrapolated to geological timescales).

Laboratory heating experiments to simulate thermal per-
turbations at hydrothermally pressurised conditions due to
hot fluid flow were performed on zircon (Brix et al. 2002;
Yamada et al. 2003) using a hydrothermal synthetic appa-
ratus. It was found using the same zircon sample and ana-
lytical procedure that the observed FT length reduction in the
atmosphere is indistinguishable from that under hydrother-
mal conditions (Yamada et al. 2003). The results of Brix
et al. (2002) using Fish Canyon Tuff zircon also exhibit
consistency of annealing kinetics between dry and
hydrothermal conditions. It thus suggests that the conven-
tional zircon annealing kinetics can also be applied to
hydrothermal heating conditions in nature, such as fault
zones and sedimentary basins settings.

Frictional heating along a fault in the brittle regime is a
short-term geological phenomenon with an effective heating
duration on the order of seconds, which is significantly
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shorter than the conventional laboratory heating of*10−1 to
104 h. Thus, high-temperature and short-term heating (i.e.
flash heating) experiments were specially designed and
conducted using a graphite furnace coupled with infrared
radiation thermometers (Murakami et al. 2006b). The
observed track-length reduction in zircon by 3.6–10 s of
heating at 599–912 °C is, overall, slightly greater than that
predicted by the zircon FT annealing kinetics, based upon
the heating for *10−1 to 104 h at *350–750 °C (Yamada
et al. 1995; Tagami et al. 1998). Yamada et al. (2007) pro-
posed revised kinetic models that integrate results of both the
flash heating and conventional laboratory to geological
heating. It should be noted here that spontaneous tracks in
zircon are totally annealed at 850 ± 50 °C for *4 s, sug-
gesting that the zircon FT system can be completely reset
during the ordinary pseudotachylyte formation in nature
(Otsuki et al. 2003).

A note should be added concerning FT annealing kinetics
of apatite. The kinetics has been established in dry atmo-
spheric environments in conventional laboratories and also
tested and calibrated on geological timescales by analysing
drilled cores of sedimentary basins. However, the influences
of both flash and hydrothermal heating on the kinetics are
not well known yet, and thus specially designed experiments
are strongly needed for apatite. These experiments will
provide a more robust basis for interpreting apatite FT data
in terms of frictional heating and hot fluid flow in fault
zones.

12.5 Rock Sampling Strategy

The rock sampling strategy for fault zone studies may be
different from other applications primarily due to the char-
acteristic heat source associated with faulting in the brittle
regime (cf. Chap. 10, Malusà and Fitzgerald 2018, and
Chap. 11, Foster 2018). As argued above, three thermal
factors relevant to the fault zone generally yield character-
istic thermal histories (i.e. temperature–time paths) with
different spatial ranges (Fig. 12.1b): (a) background thermal
history that reflects long-term tectonics of crustal basement,
with an ordinary spatial range of*1–100 km from the fault;
(b) episodic frictional heating up to an order of 1000 °C (i.e.,
occasionally above the melting temperature of wall rocks),
with a typical time period of several seconds and spatial
range of several mm from the fault (in case of brittle
deformation) and (c) heating by hot fluid flow, with tem-
peratures below the melting point of host rock, within
*100 m of the fault zone. In theory, we can place con-
straints on each of these three factors by analysing a series of
rocks in and around the fault zone using thermochronolog-
ical techniques. In planning the research strategy toward this

goal, we need to take into account the following geological
and analytical aspects:

• First of all, we need to choose appropriate ther-
mochronometers with thermal sensitivities suited to the
expected temperature and time ranges of the thermal
history of interest.

• If we want to analyse heating events localised to the fault
zone, i.e. factors (b) and (c), the background thermal
history of the protolith needs to be simple, so that we can
readily extract the thermal history signals of interest from
the background noise. In addition, the background ther-
mal history needs to be the same along the fault; other-
wise, each locality chosen for analysis will have different
boundary conditions.

• To conduct thermochronologic analysis with good reso-
lution, it is also desirable to have a large age contrast
between the background thermal history and the heating
event(s) of the fault zone.

• In order to reveal localised heating events, it is essential
to choose the optimal traverse(s) across the fault zone
that will satisfy the above conditions. Hence, adequate
knowledge is required also on the spatial geometry of the
fault plane.
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To constrain the three factors (a)–(c) with good confi-
dence, we need to collect rock samples at different spatial
intervals toward the fault plane. At localities >100 m distant
from the fault, the interval is not necessarily short and thus
rocks can be sampled as for ordinary thermochronologic
studies. As approaching the fault, however, we need to make
the sample interval shorter in order to determine the possible
spatial change of thermochronologic data. In particular,
where we intend to detect the thermal effects of the factor
(b) (i.e. frictional heating), the interval should be kept as
short as several mm within *10 cm of the fault plane
(d’Alessio et al. 2003; Murakami and Tagami 2004)
(Figs. 12.3 and 12.4). Such rock sampling requires a special
caution for handling brittle fault rocks, such as cataclasites
and mylonites. If possible, the section across the fault plane
could be cut into blocks by a portable rock saw, so that the
sample blocks can be brought back to the laboratory for
precise and contamination-free sampling (e.g. manual cut-
ting by metal blades, handpicking pieces by tweezers).
Otherwise, fault rocks need to be precisely divided and
sampled in situ, with special care to avoid possible con-
tamination. In these regards, the ideal condition may be to
sample rocks from a continuous drill core section across the

fault. Alternatively, trenching the fault will offer an oppor-
tunity to sample fault zone rocks in a three-dimensional
geometry. In contrast, the sampling strategy for fault zones
in the ductile regime is substantially different from that of
the brittle regime mentioned above. This is because the
expected heat generation in the ductile regime is steady state
over geological time, with a faulting velocity of *1–
10 cm/year (see Sect. 12.2.3), and this likely results in a
broader, regional thermal anomaly across the fault zone. As
will be documented in Sect. 12.6.2, the spatial extent of the
thermal anomaly may reach 10 km away from the fault.
Hence, the spatial interval between individual rock sampling
localities need not be short, as for sampling within the brittle
regime, and thus rocks can be sampled as the ordinary
thermochronologic studies. It is noted, however, that the
thermal anomaly formed by ductile faulting may be difficult
to distinguish from the background thermal history using
thermochronology, because the two thermal processes may
lead to similar spatial distributions of thermochronologic
data.

12.6 Key Studies

12.6.1 The Nojima Fault

The Nojima Fault runs along the northwestern coast of the
Awaji Island, Hyogo Prefecture, Japan and is a high-angle
reverse fault dipping 83° SE with a right-lateral slip com-
ponent. A >10 km long surface rupture was formed along
the active Nojima Fault, as a result of the 1995 Kobe
earthquake (Hyogoken-Nanbu earthquake; M7.2). Shortly
after the earthquake, the Nojima Fault Zone Probe Project
was initiated as a multidisciplinary geoscience program
(Oshiman et al. 2001; Shimamoto et al. 2001; Tanaka et al.
2007), involving drilling a series of boreholes that penetrated
the fault at depth. Two boreholes penetrated the Nojima
Fault at different depths with nearly complete core recov-
eries: at 625.27 m by the Geological Survey of Japan 750 m
(GSJ-750) borehole at the Hirabayashi (northern) site; and at
389.4 m by the University Group 500 m (UG-500) borehole
at the Toshima (southern) site. In addition, the Nojima Fault
was also trenched at Hirabayashi, where the fault rocks
exposed include, from the hanging wall to the footwall, a
granitic cataclasite, a 2–10 mm wide pseudotachylyte layer
and the siltstone of the Osaka Group. At Hirabayashi, the
fault rupture formed in 1995 is located about 10 cm below
the pseudotachylyte.

Using the Hirabayashi trench, Murakami and Tagami
(2004) carried out FT analysis on zircon separates from a
50-cm-wide grey fault rock that, from the footwall toward
the hanging wall, consists of (1) greenish-grey gouge of the
footwall (NT-LG; *20 mm wide), (2) pseudotachylyte
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Fig. 12.4 Lithology of the sampled fault rock section of the San
Gabriel fault zone, southern California, along with a plot of mean age
and length of fission tracks in apatite (AFT). Data from two transects
across the fault are shown in different symbols, neither of which show
any significant reductions by the fault activity, even in samples within
just 2 cm of the ultracataclasite. Error bars are ±1 SE uncertainty (after
d’Alessio et al. 2003)
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(NT-Pta; *2–10 mm wide), (3) grey gouge of the hanging
wall (NT-UG; *30 mm wide) and (4) reddish granite
(NF-HB1; *20 mm wide) (Fig. 12.3). Otsuki et al. (2003)
estimated the temperature of the pseudotachylyte formation
as *750–1280 °C, based primarily on the observation of
melting of K-feldspar and plagioclase. Both FT ages and
track lengths systematically vary with distance to the pseu-
dotachylyte, with the youngest age of 56 ± 4 (1SE) Ma
from the pseudotachylyte layer. While the age of back-
ground regional cooling is 74 ± 3 Ma, four gouge samples
from the hanging wall (i.e. NT-UG 1–4) and two gouge
samples from the footwall yielded ages of 65–76 Ma, with
progressive younging toward the pseudotachylyte. The
track-length distribution changes when approaching the
pseudotachylyte from unimodal (long tracks) to widespread
multimodal (long and short tracks), and eventually to uni-
modal again (long tracks). These data suggest that the zircon
FT system in the pseudotachylyte layer was totally reset and
subsequently cooled at*56 Ma, with a thermal perturbation
occurring in the surrounding fault zone rocks. This inter-
pretation is supported by a combination of (a) the tempera-
ture estimate for the Nojima pseudotachylyte formation of
*750–1280 °C, on the basis of feldspar melting textures
(Otsuki et al. 2003) and (b) laboratory flash heating exper-
iments of zircon FT system (Murakami et al. 2006b).

The borehole rocks from GSJ-750 and UG-500 were also
analysed by zircon FT thermochronology (Tagami et al.
2001; Murakami et al. 2002; Tagami and Murakami 2007).
Zircon age and length data suggest: (a) an ancient heating
event causing a temperature increase into the zircon partial
annealing zone (PAZ) within *25 m in both the footwall
and hanging wall at the Hirabayashi borehole (GSJ-750) and
(b) an ancient heating into the zircon PAZ within 3 m of the
fault in the hanging wall only at Toshima (UG-500). The age
of the last cooling after the secondary heating was estimated
on partially annealed samples near the fault using the Monte
Trax inverse modelling (Gallagher 1995) as 35.0 ± 1.1
(1SE), 38.1 ± 1.7 and 31.3 ± 1.4 Ma at the Hirabayashi
borehole (GSJ-750), and 4.4 ± 0.3 Ma at Toshima
(UG-500). The maximum temperature experienced during
the secondary heating is not uniquely determined since the
degree of FT annealing also depends on the heating duration.
The source of the secondary heating is likely heat transfer
and dispersion via fluids within the fault zone because the
spatial range of the annealing zone (i.e. *25 m and *3 m
from the fault) is too large to be attributed to simple heat
conduction. This interpretation is also favoured by the fact
that the degree of FT annealing is positively correlated with
deformation/alteration of the borehole rocks. The result of
the in situ heat dispersion calculation indicates that in situ
frictional heat is not sufficient to explain the degree of FT
annealing, and hence some additional heat is required, for

example, upward flow of hot fluid along the fault zone from
deeper crustal levels.

Zwingmann et al. (2010a) reported authigenic illite K–Ar
ages from six granitic samples outcropping at Hirabayashi,
including three fault gouge samples in close proximity to the
pseudotachylyte layer. The six ages of the <2 lm fractions
fall in the range of 56.8 ± 1.5 (1SE) to 42.2 ± 1.0 Ma,
whereas the <0.1 and <0.4 lm fractions of the three gouge
samples are anomalously younger at 30.3 ± 0.9 to
9.1 ± 1.6 Ma. The former ages (57–42 Ma) are younger than
the time of regional cooling of the granitic protolith
(74 ± 3 Ma) and interpreted as the time of brittle faulting.
The latter ages (30–9 Ma) on the finer fractions, which have
lower effective closure temperatures, probably reflect a sec-
ondary loss of radiogenic 40Ar, likely as a result of thermal
overprints near the fault caused by hot fluid flow. Five
UG-500 core samples were also analysed at Toshima, with
three ages from 50.7 ± 1.2 to 45.0 ± 0.9 Ma for the <0.4
and <2 lm fractions (less K-feldspar contamination), sug-
gesting a time of brittle faulting similar to that of the Hir-
abayashi outcrop.

In addition, Watanabe et al. (2008) measured U–Th
radioactive disequilibrium on calcite veins from 1484 m
depth from the UG-1800 m borehole at Toshima (*1 km
southwest of the UG-500 drilling locality). The presence of
radioactive disequilibrium in 234U/238U suggests that the age
of calcite precipitation was younger than 1 Ma, which
constrains the time of fluid infiltration into the fault zone.
Furthermore, electron spin resonance (ESR) analyses con-
ducted on borehole rocks from the UG-500, documented that
the ESR intensity (Al and E′ centres) is significantly reduced
within *3 mm from the fault plane (Fukuchi and Imai
2001; Matsumoto et al. 2001). This is likely caused by
frictional heating of the Nojima Fault, suggesting that the
ESR method can potentially be applied to dating recent
movements of an active fault system.

Based on the thermochronologic and other constraints
mentioned above, a plausible evolution for the Nojima Fault
is reconstructed as follows (see Tagami and Murakami
(2007) and Zwingmann et al. (2010a) for more details):

• By*56 Ma, the fault had already initiated as an in-plane
fault offset at crustal depths. The depth may have been
>15 km based on fluid inclusion data (Boullier et al.
2001).

• From *56 to 42 Ma, brittle faulting took place (or had
continued) in some of the segments of the ancient Nojima
fault.

• At *35 and 4 Ma at Hirabayashi and Toshima,
respectively, fault activity was accompanied by heat
transfer and dispersion via fluids circulating within the
fault zone.
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• At *1.2 Ma, the present Nojima fault system was
formed by the reactivation of the ancient Nojima Fault.
Note that such reactivation phenomena have been widely
recognised elsewhere (e.g. Holdsworth et al. 1997).

Another important tectonic constraint derived from zircon
FT data of the Nojima pseudotachylyte is that the mean
shear stress s can be estimated by combining Eqs. (12.2) to
(12.5) of frictional heat production and conductive transfer
and Eq. (12.7) of zircon FT annealing (Murakami 2010).
The logic of this approach is:

• Temperature profiles are given through time t for a
specific s by assigning or assuming parameters of
Eqs. (12.2) to (12.5), i.e. the density q, specific heat c,
thermal diffusivity a, fault zone width a, sliding velocity
m and slip duration t*.

• The thermal history at each locality can be derived from
the series of temperature profiles above, by specifying a
certain distance from the fault centre, x.

• For a certain combination of s and x values, a mean FT
length l is predicted using Eq. (12.7), by integrating the
annealing effects for each of the divided time intervals of
the thermal history.

• Accordingly, for a certain s value, a spatial profile of
predicted l is constructed against x.

• For a range of s values, the spatial profiles of l are
computed and compared with measured FT length data,
in order to search for the best fitting s value.

Consequently, the net shear work (i.e. smt*) was esti-
mated as *50 MPa m for the faulting event at *56 Ma
(Murakami 2010), which likely favours the “strong” fault
model that supports higher shear stresses (Scholz 2002).

12.6.2 Other Examples

Fault Gouges Although fault gouges are widespread along
fault cores in most active fault systems, the application of the
FT techniques to these rocks is quite limited and has not
been very successful in constraining the areal extent of
thermal perturbation or the age of faulting. D’Alessio et al.
(2003) conducted apatite FT analysis on the samples adja-
cent to and within the San Gabriel fault zone, southern
California, which was likely active from 13 to 4 Ma and has
since been exhumed from depths of 2 to 5 km. At the studied
locality, the San Gabriel fault consists of an ultracataclasite
zone of 1–8 cm width that juxtaposes the Medenhall gneiss
to the north with the Josephine granodiorite to the south
(Fig. 12.4). Apatite FT ages and lengths show no significant

reductions by the fault activity, even in samples within just
2 cm from the ultracataclasite. The absence of any measur-
able FT annealing implies that either each slip was never
larger than 4 m, or the average apparent coefficient of fric-
tion was <0.4, on the basis of the forward modelling of heat
generation, heat transport and apatite FT annealing.

Wolfler et al. (2010) applied the apatite FT and (U–Th)/He
techniques to the samples from drill cores transecting the
Lavanttal fault system, Eastern Alps. Apatite FT ages and
lengths exhibit slight reductions toward the fault cores,
whereas apatite (U–Th)/He ages also show younger ages in
the fault cores. These results suggest that the samples were
reheated either by frictional heating and/or by hot fluid flow
within the fault zone.

Instead, illite K–Ar and 40Ar/39Ar analyses have widely
been applied to date fault gouges under a variety of tectonic
settings. The age of authigenic illite, formed in situ within
the fault zone, should directly date the time of (some stages
of) fault zone activity. After some pioneering studies, van
der Pluijm and collaborators succeeded in quantifying the
ratio of authigenic and detrital micas for individual clay size
fractions by using quantitative X-ray analysis of clay
grain-size populations (e.g. van der Pluijm et al. 2001, 2006;
Solum et al. 2005; Haines and van der Pluijm 2008). In
addition, Zwingmann and collaborators further demonstrated
the applicability of illite K–Ar dating by analysing Alpine
fault gouges (e.g., Zwingmann and Mancktelow 2004;
Zwingmann et al. 2010b).

Pseudotachylytes Dating the glassy matrix of pseudo-
tachylytes has been attempted by several studies, including
40Ar/39Ar thermochronology (Vredefort dome, South Africa,
by Reimold et al. 1990; North Cascade Mountains, western
USA, by Magloughlin et al. 2001; Alpine Fault, New
Zealand, by Warr et al. 2003; More-Trondelag Fault, Central
Norway, by Sherlock et al. 2004), glass FT ther-
mochronology (Alpine Fault, New Zealand, by Seward and
Sibson 1985) and Rb–Sr geochronology (Quetico and Rainy
Lake-Seine River fault, western Superior Canadian Shield,
by Peterman and Day 1989). As shown in those studies,
constraining the ages of the glassy matrix of pseudotachylyte
likely encountered three potential pitfalls: i.e. we do not
know whether or not:

• Complete age resetting occurs as the result of frictional
heating during pseudotachylyte formation. This is pri-
marily an issue of diffusion kinetics of the radiogenic
isotope during flash heating. In the case of 40Ar/39Ar
thermochronology, however, the presence of inherited
argon at crustal depths may further violate the key
assumptions of dating pseudotachylyte, i.e. the host-rock
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argon is lost to an infinite reservoir during
near-instantaneous frictional melting (Sherlock et al.
2004).

• The isotopic system has been affected by later thermal
events. Possible breakdown of the radiometric closed
system is probably an issue of diffusion kinetics of the
radiogenic isotope in hydrothermal heating environ-
ments, but could also be caused by devitrification of the
glassy matrix of pseudotachylytes, as often observed in
nature.

• The glassy matrix of the pseudotachylyte is completely
free of pieces of country rock. If not, the complete
resetting of the age will be extremely difficult for some of
the thermochronologic techniques, such as 40Ar/39Ar
method.

An alternative thermochronologic approach was adopted
by Murakami and Tagami (2004), who carried out zircon FT
analyses on a pseudotachylyte and its host rocks of the
Nojima fault zone, southwest Japan (Fig. 12.3) (see
Sect. 12.6.1). This new approach was subsequently applied
to a variety of pseudotachylytes formed in different tectonic
settings (e.g. Takagi et al. 2007, Tsergo Ri Landslide, Nepal;
Takagi et al. 2010, Median Tectonic Line, southwest Japan).
Both FT and U–Pb analyses were conducted on zircons
separated from a pseudotachylyte layer and surrounding
granitic fault rocks of the ancient Asuke shear zone, central
Japan (Murakami et al. 2006a). The FT age of the pseudo-
tachylyte is 53 ± 4 (1SE) Ma, which is significantly
younger than the 73 ± 4 Ma age of the host rock away from
the fault that gives the time of regional cooling. According to
track-length information, the zircon FT data from the pseu-
dotachylyte were interpreted to have been totally reset and
subsequently cooled at *53 Ma. Furthermore, U–Pb anal-
ysis shows a range of ages from *67 to 76 Ma, which
confirms that all of the host rocks formed approximately at
the same time throughout the section.

Mylonites To constrain the time of ductile deformation in
mylonites (Fig. 12.1a), application of the K–Ar (and
40Ar/39Ar) systems to micas has predominantly been used in
a variety of tectonic settings (e.g. Mulch et al. 2002; Sher-
lock et al. 2004; Rolland et al. 2007 and references therein).
FT thermochronology has been applied to mylonites in
ductile fault zones, as will be mentioned below, which may
constrain steady-state heat generation by long-term faulting
averaged over geological time (m = *1–10 cm/year; see
Sect. 12.2.3). In contrast to frictional heating at shallower
depths within a brittle regime that generates short-term heat
pulses, ductile deformation at deeper levels is characterised
by long-term heating accompanied by a broader, regional
thermal anomaly across the fault zone. This may result in

regional metamorphic aureoles across convergent plate
boundaries (or transcurrent shear zones) (Scholz 1980). In
this regard, the Alpine fault, New Zealand, where the obli-
que convergence of two tectonic plates is ongoing (see
Chap. 13, Baldwin et al. 2018), has been intensively studied
by thermochronologic techniques. A systematic decrease in
K–Ar ages over *10 km was found toward the fault and
was interpreted to represent an argon depletion aureole
formed by long-term frictional heating at depth (Scholz et al.
1979, and references therein). This interpretation was based
on a tectonic model suggesting that there was constant
exhumation over the past 5 Myr throughout the study area.
A later FT thermochronologic study, however, suggested the
total amount of late Cenozoic exhumation exhibits an
exponential increase toward the Alpine fault (Kamp et al.
1989). These authors estimated a differential, asymmetric
uplift pattern across the fault, on the basis of apatite and
zircon FT ages that show systematic trends to become
younger toward the Alpine fault. They suggested that, as a
result of the asymmetric exhumation, a 13–25 km wide
regional metamorphic belt was exposed immediately to the
east of the Alpine fault. More recent studies in the Southern
Alps of New Zealand also interpreted the thermochronologic
data in terms of exhumation (e.g., Little et al. 2005; Ring and
Bernet 2010; Warren-Smith et al. 2016).

The Median Tectonic Line, southwest Japan, represents
another example of long-term faulting that involves mylonite
formation within a ductile regime. An apatite and zircon FT
thermochronologic study was conducted on the granitic
rocks of the Ryoke Belt, one of the regional metamorphic
belts along the Median Tectonic Line (Tagami et al. 1988).
A systematic age decrease of apatite FT ages over *3–
10 km toward the Median Tectonic Line was interpreted to
be a consequence of long-term shear heating in the ductile
fault zone. Recent FT and (U–Th)/He studies, however, have
revealed regional differential exhumation histories of tec-
tonic blocks that are bounded by neo-tectonic fault systems
(Sueoka et al. 2012, 2016). Therefore, the previously
observed age decrease toward the Median Tectonic Line
may also be attributed to such differential uplift, rather than
to a long-term shear heating process.

12.7 Summary and Future Perspectives

Fault zone rocks are the consequence of long-term, repeated
motions of faults that reflect both spatial and temporal varia-
tions in tectonic stress regimes. Age determination of fault
movements, therefore, plays a key role in understanding the
geotectonics of faults and, particularly, in assessing the past
seismic activity of an active fault system. The technical and
methodological advancements of FT and other
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thermochronological methods over the last few decades enable
us to date a variety of fault zone materials formed during the
development of a fault: e.g. (i) FT analysis of zircons from
pseudotachylyte layers, fault gouge and associated deformed
rocks, using the annealing kinetics based on the conventional
laboratory heating experiments and also verified by flash and
hydrothermal heating experiments; and (ii) K–Ar (40Ar/39Ar)
dating on authigenic illite within a fault gouge, coupled with
the evaluation of the influence of detrital contamination.

Furthermore, a series of drill cores into seismogenic fault
zones, such as the Nojima Fault Zone Probe Project, offered
the opportunity to systematically sample fresh fault zone
rocks. These factors have provided a notable promotion of
“fault zone thermochronology”.

Further perspectives with respect to both the methodol-
ogy and application of these techniques will be gained by:

• Additional laboratory flash and hydrothermal heatings as
well as mechanical shearing experiments for a series of
low-temperature thermochronological systems, such as
apatite and zircon FT and (U–Th)/He, illite K–Ar
(40Ar/39Ar) and quartz and feldspar ESR, TL and OSL
systems. These will provide a more robust basis to interpret
the fault zone thermochronologic data from a variety of
fault zone rock types that represent different faulting depths
and temperatures.

• A comparison of analysed data between thermochrono-
logic methods having significantly different activation
energies, such as zircon FT and (U–Th)/He. This may
help to constrain the effective duration and temperature
of fault zone thermal events, which will help to identify
their heat source(s).

• A more systematically combined usage of apatite and
zircon FT and (U–Th)/He, illite K–Ar, carbonate U–Th,
and quartz and feldspar ESR, TL and OSL analyses on
well-documented active fault systems, which will shed
further light on our understanding of the thermome-
chanical processes in (paleo-) seismogenic-zone faults.
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