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Abstract 

Optically stimulated luminescence (OSL) dating utilises the detection of trapped charge in minerals, and has an 
ultralow closure temperature. There is the potential for direct dating of fault movement using fault gouges, 
because frictional heating caused by large earthquakes can reduce the OSL signal intensity of minerals within gouges. 
In this study, we conducted quartz OSL dating on four fault gouge and breccia samples from a surface outcrop 
of the Atotsugawa Fault, one of the most active dextral strike-slip faults in central Japan, where the last large earth-
quake occurred in AD1858, with an estimated magnitude of 7. The natural OSL signal intensity of fine-grained quartz 
was clearly below the signal saturation level, with the fraction of saturation (n/N) between 0.30 ± 0.02 and 0.39 ± 0.03, 
indicating there was signal resetting by past earthquakes. However, the apparent OSL ages ranged from 22 ± 1 
to 72 ± 4 ka, two orders of magnitude older than the age of the last earthquake. To explain the significant age over-
estimation, we measured the thermal stability of the OSL signal, and used a thermal model with punctuated epi-
sodic losses to constrain the average shear heating temperature experienced during an individual faulting event. 
For an independently known recurrence interval of 2.5 ka and a presumed shear heating duration of 1 s, the observed 
n/N and the measured thermal stability of the OSL signals correspond to a resetting temperature of ~ 300 °C dur-
ing a single earthquake event.
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1  Introduction
Evaluation of the activity of faults is one of the most 
important requirements to prepare for future disastrous 
earthquakes. Previous attempts to evaluate recent fault 
activity were performed mainly where active faults cut 
Quaternary sediments and/or landforms and the timing 
of their past activities was then estimated by using fault-
displaced sediments that contain datable materials. For 
instance, if a fault cuts a young fluvial or colluvial sedi-
ment, the ages of past movements can be estimated by 
radiocarbon dating of organic matters or luminescence 
dating the sediment (e.g. Okumura 2001; Fattahi and 
Walker 2007; Chen et  al. 2009). For this approach, the 
dating methods are well established, although this is an 
indirect dating method for faulting, and the relationship 
between the age and the earthquake events is not always 
clear.

In Japan, the activities of many faults were studied 
extensively, and the data including the strike direction, 
slip, length, mean slip rate, as well as recurrence inter-
val were documented (Research Group for Active Faults 
of Japan 1991). However, active faults do not always cut 
young, outcropping sediments, nor are they covered by 
young sediments that can be viably dated. This means 
that for many faults, which have been mapped geologi-
cally or geomorphologically, there has been until now no 
direct method available to evaluate their activity.

Direct dating of fault movement can be carried out 
with thermochronological investigation of fault rocks 
using dating methods, because the frictional heating 
caused by fault motion can partially or totally reset the 
“clock” of the dating methods (Tagami 2005, 2012; Tsuka-
moto et al. 2020). For instance, the Nojima Fault, which 

was responsible for the Mw 6.9 Hyogo-ken Nanbu Earth-
quake (Kobe Earthquake) of 1995 in Japan, was investi-
gated using zircon fission-track at different depths of 
core samples (Tagami and Murakami 2007). Direct dating 
of faults has been also conducted using K/Ar dating of 
authigenic clay minerals in fault gouges from the Nojima 
Fault (Zwingmann et al. 2010). However, due to the rela-
tively high closure temperatures, these methods were not 
applicable to evaluate the most recent activity of the fault.

Luminescence and electron spin resonance (ESR) dat-
ing methods using quartz and feldspar have recently been 
developed as ultralow temperature thermochronometers 
and thermometers (e.g. Herman et  al. 2010; Guralnik 
et al. 2013, 2015; King et al 2016, 2020), building on ear-
lier studies from the 1970’s that employed the thermolu-
minescence (TL) signal (Durrani et al. 1972, 1973, 1977). 
The earliest attempt to date fault gouges directly using 
ESR signals can be traced to Ikeya et  al. (1982). These 
authors dated gouges and breccias from the fault core of 
the Atotsugawa Fault, central Japan, at various distances 
from the main fault plane, using the quartz E’ centre. The 
ages decreased towards the fault plane and the youngest 
age calculated was 65 ka, although the latest earthquake 
on this fault is known to be AD1858 (Hietsu Earthquake, 
estimated magnitude 7). After this pioneering study, the 
method was tested using multiple centres of quartz ESR 
including the E′, Al, Ge, and oxygen hole centres (e.g. 
Fukuchi 1989), as well as different grain sizes (e.g. Lee 
and Schwarcz 1994). The latter authors proposed the 
grain-size plateau method; they consider the ESR sig-
nals were fully reset by the last earthquake, if an age pla-
teau towards the smaller grain sizes of quartz in the fault 
gouge exists.
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Ganzawa et al. (2013) used quartz OSL and thermolu-
minescence (TL) signals to date a fault gouge sample from 
the Atotsugawa Fault. They obtained an age of 200 ± 200 
a from the OSL of a sand-sized quartz sample, which is 
consistent with the AD1858 Hietsu Earthquake. How-
ever, the TL age calculated from the 270 °C TL peak was 
~ 190 ka for the same sample. From the San Andreas Fault 
Observatory at Depth, 2.6  km below the surface, Spen-
cer et al. (2012) used K-feldspar grains from gouge sam-
ples and obtained an infrared stimulated luminescence 
age of 139 ± 12 a (before 2010), where the largest his-
torical earthquake of Mw 7.9 Fort Tejon Earthquake was 
occurred in AD1857. More recently, Tsakalos et al. (2020) 
used silt-sized quartz samples from a deep drilling core of 
the Nojima Fault. They sliced the fault gouge at a depth 
of 506  m into ~ 20 subsamples along the layering struc-
ture of the gouge to find whether the OSL signal from any 
of the thin layers had been completely reset by the Kobe 
Earthquake. The quartz OSL ages, however, ranged from 
62.8 ± 4.3 to 18.5 ± 1.3 ka, three orders of magnitude older 
than the known age of the most recent event. Prince et al. 
(2024) studied fault gouge samples taken at the surface 
outcrops of different parts of the Periadriatic Fault Sys-
tem, Eastern Alps. They obtained saturated feldspar OSL 
ages and non-saturated quartz ESR ages from the Al cen-
tre, and assumed the last activity of the fault occurred 
between the minimum OSL and maximum ESR ages.

Despite the ultralow closure temperature of the dis-
cussed trapped charge dating methods, it has been the 
rule rather than exception, that OSL and ESR ages of 
faults overestimate the dates of historical earthquakes, 
often by orders of magnitude. This shows an urgent need 
for further investigation, assuming that signal resetting 
during large earthquakes is likely only partial, especially 
when gouge samples originate from surface outcrops or 
shallow subsurfaces.

In this study, we report quartz OSL ages from four 
gouge and breccia samples from a surface outcrop of the 
Atotsugawa Fault, central Japan. By analysing the data 
within the framework of OSL thermochronometry, we 
show that the apparent overestimation of the ages can 
be explained by a repetitive partial resetting by heating 
during past earthquakes. We convert the fraction of sig-
nal saturation (n/N) to the apparent temperature (mean 
storage temperature), which should be a function of the 
activity on the fault. Further, we calculate average partial 
resetting conditions at past earthquakes, which led to the 
apparent ages.

2 � OSL thermochronometry and thermometry
In this section, we briefly introduce the theory of OSL 
thermochronology and thermometry for the quartz 
OSL following Guralnik et al. (2013) and Guralnik and 

Sohbati (2019). In conventional OSL dating, an OSL 
age (tapp) is expressed by:

where De is the equivalent dose, and Ḋ is the environ-
mental dose rate (e.g. Aitken 1985). Under transient 
conditions of simultaneous charge accumulation and 
thermal loss with the first-order kinetics, the apparent 
age in Eq. (1) can be simulated via:

where n is the number of filled electron traps, N = const 
the number of available traps, D0 is the characteristic sat-
uration dose, and K is a thermal loss coefficient, given by:

where T is temperature, while E and s are the trap depth 
and frequency factor, respectively. Note that the thermal 
stability of quartz OSL signal is known to follow the first 
order kinetics (e.g. Murray and Wintle 1999).

The theoretical trap filling ratio (n/N) can be approxi-
mated in practice by dividing the measured natural signal 
intensity (Lnat) by its intensity at dose saturation (Lmax). The 
latter (Lmax) can be obtained by fitting the dose response 
curve as a function of dose ( D = Ḋt ) with K = 0 in Eq. 2,

E and s values can similarly be obtained by setting 
Ḋ = 0 in Eq. 2.

where L0 is the initial signal intensity, KB is the Boltz-
mann’s constant, and t is the storage time.

Using n/N, the apparent age (tapp) is,

The apparent (mean storage) temperature (Tapp) can 
be calculated, assuming dn

dt
= 0 in Eq. 2,

When Eq. 7 is solved for Tapp,
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3 � Application of OSL thermochronology 
and thermometry for fault gouge

In this study, we assume an apparent OSL age of a fault 
gouge is a result of repetitive uniform partial resetting by 
large earthquakes and the natural signal intensity reached 
a steady state. A conceptual diagram of the steady state 
signal level after multiple partial resetting is shown in 
Fig.  1a. This assumption involves three parameters, (1) 
recurrence interval of earthquakes (trecurrence), (2) shear 
heating temperature during an earthquake (Tevent), 
and (3) the event duration (tevent) (Fig.  1b). To a good 
approximation (see below), the thermal loss coefficient 
K (Tapp) at the apparent storage temperature, is propor-
tional to a single-event K (Tevent) through their respective 
timescales:

(9)K (Tapp) =
tevent

trecurrence + tevent
K (Tevent)

Note that the only assumption underlying Eq. 9 is that 
the loss of the OSL signal at the ambient environmental 
temperature in between any two heating events is neg-
ligible. This assumption should be valid by considering 
that the Partial Retention Zone (PRZ) of luminescence 
chronometers starts only above ~ 30  °C (Guralnik et  al. 
2015; Guralnik and Sohbati 2019). Finally, by combining 
Eqs. 3, 8 and 9, one obtains:

which is the central new result of this study. Equa-
tion  10 allows to convert (semi-)measurable OSL quan-
tities ( n/N  , Ḋ , D0,E and s ) into the shear heating 
temperature during an earthquake, given a known earth-
quake recurrence interval and the heating duration. For 
all practical reasons, the last fraction in the denominator 

(10)

Tevent =
E

KB

{

−ln
[

Ḋ
sD0

(

N
n
− 1

)]

+ ln
(

tevent
trecurrence+tevent

)} .

Fig. 1  Conceptual diagrams for a repetition of partial resetting by earthquakes, which bring the OSL signal to a steady-state level and b apparent 
temperature (Tapp)
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of Eq.  10 can be approximated as tevent/trecurrence , since 
a typical tevent would be on the order of seconds, while 
trecurrence on the order of 102–104 years. From Eq. 9, it is 
evident that “more active” faults, i.e. those experiencing 
more intense shear heating and/or shorter recurrence 
interval, should have a higher Tapp. To de-couple Tapp 
(Eq. 9) into a more specific activity metric (e.g. assuming 
comparable recurrence interval and shear heating dura-
tions to infer heating temperature, or any other combina-
tion of three parameters with one unknown), the use of 
Eq. 10 is recommended.

4 � Study area and sampling
The Atotsugawa Fault is a dextral strike-slip fault, and 
one of the most active faults in central Japan (Fig. 2). This 
fault lies at the north-western edge of the Hida Range 
(northern Japanese Alps), and outcrops for about 70 km, 
striking ENE–WSW (e.g. Matsuda 1966). Several faults 
that run parallel to the Atotsugawa Fault compose the 
Atotsugawa Fault System. This fault system is situated 
within the Niigata-Kobe Tectonic Zone, where a large 
concentration of tectonic strain as well as many histori-
cal large earthquakes were observed (Sagiya et al. 2000). 
The Hietsu Earthquake, with an estimated magnitude of 

7.0–7.1, suggests a last activity of the fault in AD1858. 
Past studies using trench excavations revealed that 
there have been four events on this fault in the last 
11  ka (Research Group of Atotsugawa Fault et  al. 1989; 
Takeuchi et  al. 2003). According to this, a mean recur-
rence interval was calculated to be 2.3–2.7 ka. From sur-
face displacements of fluvial terraces, a mean lateral slip 
rate of 2–5 m/ka was calculated, whereas the vertical slip 
rate was ~ 1 m/ka uplifting towards northwest (Takeuchi 
et al. 2003). The right-lateral slip motion was assumed to 
have continued for ca. 700 ka, derived from the total dis-
placement of ~ 3 km of rivers that flow towards the north.

Fieldwork and sampling for OSL dating were conducted 
at an outcrop at Itani (36° 18′ 43″ N, 137° 06′ 06″ E), in 
the western part of the Atotsugawa Fault (Fig.  2). The 
NE–SW trending outcrop (Fig. 3) has been described in 
detail by Niwa et al. (2008). The study of Ganzawa et al. 
(2013) using quartz OSL and TL dating was also con-
ducted using a sample from the same outcrop. The fault 
core consists of gouge, breccia and cataclasite developed 
in the host rocks of the Funatsu Granite (Triassic to Early 
Jurassic) and gneiss from the Palaeozoic Hida Metamor-
phic Rocks (Niwa et al. 2008). During our fieldwork, no 
clear evidence of recent displacements such as deforma-
tion in overlying fluvial deposit was found at the outcrop. 
However, the fault at the outcrop was most likely rup-
tured during the AD1858 Hietsu Earthquake, because it 
is located in the area of the most representative fault zone 
along the topographic trace of the Atotsugawa Fault.

Four gouge and breccia samples for OSL dating (ITN-
1, -2, -3, and -4; Fig. 3) were collected either by pushing 
stainless steel tubes into the cleaned outcrop surface or 
by taking large blocks. ITN-1 is a grey to brownish grey 
gouge, ~ 20–30 cm thick; ITN-2 is a ~ 20 cm thick, light-
brown gouge, and ITN-3 is a ~ 20  cm thick, light-grey 
breccia. ITN-4 is a thin black gouge, ~ 10 cm thick, and 
was dated by Ganzawa et  al. (2013), using OSL and TL 

Fig. 2  Map of active faults in central Japan and the location 
of the Atotsugawa Fault

SW

ITN-1 ITN-2 ITN-3 ITN-4

NE

N72°E, 82°N

Fig. 3  Photo of the Itani outcrop and positions of OSL samples
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with sand-sized grains. Between ITN-3 and -4 a shear 
plane of N72° E, 82° N was recognised (Niwa et al. 2008; 
Fig.  3). They also reported two K–Ar ages of illite close 
to the position of ITN-4, which ranged between 57 and 
68 Ma; they interpreted that the temperature was never 
high enough (< 100  °C; e.g. Pleuger et  al. 2012) in the 
recent geological times to produce new clay minerals in 
the gouge. From the outcrop, no evidence of hydrother-
mal alteration can be seen, and thus possibility of past 
heating events other than earthquakes could be excluded.

5 � Methods
5.1 � Sample preparation
OSL sample preparations were conducted at the Lumi-
nescence Dating Laboratory at the Leibniz Institute for 
Applied Geophysics, Hannover, Germany, under sub-
dued red-light conditions. After removing the materials 
that might have been exposed to light at both ends of the 
tubes and block surface, the light-protected inner part 
was treated with hydrochloric acid, sodium oxalate and 
hydrogen peroxide to remove carbonate, aggregates and 
organic matter, respectively. Fine-grained materials of 
either 4–11 μm (ITN-1, -3) or 1–11 μm (ITN-2, -4) were 
separated by repeated settling in water and centrifuge. 
The samples were then etched with hexafluorosilicic acid 
for 5 days to extract quartz. Aliquots for OSL measure-
ments were prepared by settling 2 mg of sample material 
in distilled water onto aluminum discs.

The samples for dose rate measurements were freeze-
dried at the Marine Science Department, Geological 
Survey of Japan. The dried samples were crushed and 
homogenised. The 50 g of material for each sample was 
sealed in a plastic container for gamma spectrometry 
measurements and stored at least 4 weeks to ensure the 
equilibrium of 222Rn before measurement.

5.2 � Dose rate measurements
High resolution gamma-ray spectrometry measure-
ments were performed using an N-type Ortec pure Ge 
detector. The activity of U and Th series nuclides and 
40K obtained from the gamma measurements were con-
verted to the concentrations of U, Th and K, and then cal-
culated using the dose-rate conversion factors of Liritzis 
et  al. (2013). The gamma-ray dose rates considering the 
effect of neighbouring layers were calculated following 
the method of Aitken (1985), using the R Luminescence 
package (Kreutzer et al. 2012). The natural water content 
and an a-value of 0.04 ± 0.02 (Rees-Jones 1995) were used 
to calculate dose rate.

5.3 � OSL measurements
All OSL measurements were performed using two 
automated Risø TL/OSL DA-20 readers with blue and 

infrared LEDs for optical stimulation and a 90Sr/90Y 
beta source for artificial irradiation. The quartz OSL 
signals revealed there was a strong contamination of 
a feldspar OSL signal, which was indicated by intense 
infrared stimulated luminescence (IRSL) signals. There-
fore all OSL measurements were conducted using 
pulsed blue-light stimulation to remove feldspar OSL 
signals, with 50 μs on- and off-times (Denby et al. 2006; 
Ankjærgaard et  al. 2010; Tsukamoto and Rades 2016). 
The pulsed OSL signal was detected only during the 
off-time, starting 5 μs after the LED pulses switched off 
to effectively remove the feldspar OSL signal. The natu-
ral signal intensity and the dose response curve of the 
OSL signal was measured with an post-IR OSL single-
aliquot regenerative-dose (SAR) protocol pulsed blue 
stimulation for 200 s at 125 °C with a preheat of 180 °C 
for 10  s and a cut heat of 160  °C (Table 1). To further 
reduce the contribution of feldspar OSL in the blue 
OSL signal, a prior IR stimulation of 100 s at 125 °C was 
inserted before each pulsed OSL step. Since the on- and 
off-time ratio is 1:1, the actual light stimulation time 
for the pulsed OSL signal was 100  s. At least nine ali-
quots per each sample were measured to construct the 
dose response curve. Aliquots exceeding the recycling 
limit ± 15% from unity were excluded from the calcu-
lation. The initial pulsed OSL signal for 1  s minus the 
immediate following signal for 4.5 s as the background 
was used for the pulsed OSL intensity calculation.

Using four aliquots each for all samples, a dose recov-
ery test was conducted to check the validity of the 
applied SAR protocol. The aliquots were bleached using 
the blue LEDs in the reader twice for 300  s at room 
temperature and a beta dose of 180 Gy was given. This 
artificial dose was used as a surrogate natural dose and 
the measured against given dose ratio (dose recovery 
ratio) was calculated.

The thermal stability of the OSL signal was tested by 
an isothermal annealing test: one aliquot each of ITN-1, 
-2, -3, and -4, were irradiated with a beta dose of 200 Gy, 

Table 1  Pulsed OSL SAR protocol

Treatment Observation

1 Dose

2 Preheat 180 °C 10 s

3 CW IRSL 125 °C 100 s

4 Pulsed OSL 125 °C 200 s (50 µs on/off ) Lx

5 Test dose

6 Cutheat 160 °C 0 s

7 CW IRSL 125 °C 100 s

8 Pulsed OSL 125 °C 200 s (50 µs on/off ) Tx

9 Back to 1
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then heated at 220, 240 and 260 °C for different holding 
times between 10 and 5120  s, and then the decrease of 
normalised OSL intensity was plotted against the isother-
mal holding time.

5.4 � Apparent age and temperature
Using accepted aliquots of the dose response curve meas-
urements, the mean n/N and D0 values were calculated 
from Eq.  4. The thermal stability parameters, E and s 
were estimated by fitting the isothermal decay data using 
Eq. 5. Then the apparent age (tapp) and the apparent stor-
age temperature (Tapp) were derived from Eqs.  6 and 8, 
respectively.

5.5 � Partial resetting condition
As we described above, we assume that the apparent 
OSL age of fault gouge was the result of multiple partial 
resettings by earthquakes with three parameters; (1) the 
recurrence interval of earthquakes (trecurrence), (2) shear 
heating temperature at earthquakes (Tevent), and (3) the 
event duration (tevent) (Fig. 1b, Eq. 9). In the case of the 
Atotsugawa Fault, only the recurrence interval is known 
to be ~ 2.5 ka. Therefore we solved Eq. 10 for Tevent, for 
a given tevent. Additionally, the sensitivity of Tevent to the 
recurrence interval was investigated, by changing trecur-

rence one order of magnitude in either direction.

6 � Results
Figure 4 shows continuous-wave (CW) and pulsed OSL 
signal of ITN-1 together with the prior IRSL signal after 
an irradiation of 200 Gy and a preheat of 180 °C for 10 s. 
The initial intensity of the pulsed post-IR OSL is only 24% 
of that of the CW OSL, indicating that the CW post-IR 
OSL signal is still dominated by the signal from contami-
nated feldspar, and the pulsed OSL simulation helped 
remove the contaminated feldspar OSL signal.

The dose rate is summarised in Table  2. The dose 
rate shows a large difference between the two neigh-
bouring gouges of ITN-1 and -2, 1.31 ± 0.06  Gy/ka and 
6.27 ± 0.49  Gy/ka, respectively, whereas those of ITN-3 
and -4 are similar, ~ 2.6 Gy/ka. Figure 5 shows the OSL 
dose response curve of ITN-1. The fraction of signal 
saturation (n/N) is relatively uniform, from 0.30 ± 0.02 
(ITN-2) to 0.39 ± 0.03 (ITN-3), i.e. considerably below the 
saturation. The dose recovery ratios are generally satis-
factory, with the mean ratio of 0.98 ± 0.07 for all aliquots.

The apparent OSL ages between 22 ± 1 ka (ITN-2) and 
72 ± 4  ka (ITN-1). When these ages are compared with 
the last large earthquake of the Atotsugawa Fault, which 
occurred in AD1858, the ages are two orders of magni-
tude older, indicating that the past earthquakes only par-
tially reset the OSL signal.

The mean thermal stability parameters (E and s) are 
1.64 ± 0.08 (eV) and 1013.13±0.77 (s−1) (Fig.  6), which are 
consistent with the reported values of the quartz OSL 
fast component (e.g. Murray and Wintle 1999). Using all 
parameters, the apparent temperature, Tapp was calcu-
lated, yielding 50 ± 6 °C (ITN-1) to 56 ± 6 °C (ITN-2), with 
a mean value of 53 ± 1.4 °C (Table 3). Table 3 shows n/N, 
D0, tapp and Tapp for all samples. The tapp and Tapp of all 
samples are plotted in Fig. 7.

Possible partial resetting conditions calculated for 
individual samples are shown in Fig.  8 using trecur-

rence = 2.5  ka. Since all curves in Fig.  8 are close to 
each other, the calculation was also done using the 
mean parameters of the samples (Table  3) and trecur-

rence = 2.5 ka, alongside two extreme end-members for 
comparison (0.25  ka and 25  ka; Fig.  9a). Any combi-
nation of tevent and Tevent on each curve can explain 
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Fig. 4  a Continuous-wave and b pulsed OSL signals of quartz 
from ITN-1 and prior IRSL
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the mean apparent age of the samples. For the 2.5 ka 
recurrence, if the event duration is 1 s (e.g. Rice 2006), 

the corresponding event temperature is ~ 300  °C, 
whereas for the duration of 10  s, the temperature 
drops to ~ 260  °C. In Fig.  9b, a comparison of three 
different event durations (0.1, 1 and 10  s) were made 
for different recurrence intervals. From these compar-
isons in Fig. 9, it is evident that Tevent is insensitive to 
trecurrence, as would be expected given that both time 
parameters (trecurrent, tevent) appear within a logarithm 
in Eq. 10.

Table 2  Radioactivity and dose rate of the samples from Itani

Sample ID K (%) Th (ppm) U (ppm) Water (%) Dose rate (Gy/ka)

ITN-1 0.62 ± 0.04 1.27 ± 0.06 1.37 ± 0.06 10 1.31 ± 0.06

ITN-2 3.78 ± 0.10 31.0 ± 0.30 1.77 ± 0.07 15 6.27 ± 0.49

ITN-3 1.55 ± 0.07 4.81 ± 0.13 1.55 ± 0.07 14 2.56 ± 0.17

ITN-4 1.65 ± 0.07 7.00 ± 0.15 2.23 ± 0.08 22 2.60 ± 0.13
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Table 3  Fraction of signal saturation (n/N), characteristic 
saturation dose (D0), apparent age (tapp), and apparent 
temperature (Tapp)

Sample ID n/N D0 (Gy) tapp (ka) Tapp (°C)

ITN-1 0.34 ± 0.02 229 ± 28 72 ± 4 50 ± 6

ITN-2 0.30 ± 0.02 389 ± 71 22 ± 1 56 ± 6

ITN-3 0.39 ± 0.03 259 ± 34 50 ± 4 52 ± 6

ITN-4 0.33 ± 0.04 233 ± 63 36 ± 2 53 ± 6

Mean 0.34 ± 0.02 278 ± 38 45 ± 11 53 ± 1
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(Tapp) for ITN-1, -2, -3 and -4
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7 � Discussion and conclusions
The OSL dating of fine-grained quartz extracted from 
the gouge and breccia samples of the Atotsugawa Fault 
yielded much older apparent ages (tapp), ranging between 
22 ± 1 and 72 ± 4  ka, than the known most recent event 
of the fault in AD1858. The apparent ages are scattered, 
affected by the highly variable dose rate, which ranges 
from 1.31 ± 0.06 to 6.27 ± 0.49  Gy/ka. Whereas the tapp 

is directly proportional to the dose rate ( Ḋ ) (Eq. 6), both 
n/N and Tapp have much less influence by the difference 
in dose rates, and yield similar values ranging between 
0.30 ± 0.02 and 0.39 ± 0.03, and between 50 ± 6 and 
56 ± 6  °C, respectively. Similar results of a comparison 
between apparent ages and temperatures were reported 
by Guralnik et  al. (2015) using the feldspar OSL signal 
from the German Continental Drilling Program (KTB) 
borehole (their Fig. S9 and Table S9).

Although apparent ages can still be used as maxi-
mum ages of the most recent event (e.g. Prince et  al. 
2024), when they are two orders of magnitude older, 
such information is meaningless. From the relatively 
uniform n/N and Tapp of the four samples, we inter-
pret that all the four gouges and breccias at the fault 
core experienced on average, similar thermal history, 
although the exact mechanism is not clear. We presume 
different earthquakes have occurred on  different slip 
plains, but after many events, all the four samples have 
experienced similar thermal history, which resulted  in 
the relatively uniform n/N. The natural OSL signal 
reached a steady-state level after multiple partial reset-
ting events, or expressed as field saturation (Fig.  1a). 
This field saturation level translates to indefinite sample 
storage at Tapp = 53  °C, which corresponds to Tevent of 
~ 300 °C for 1 s, at a recurrence interval of 2.5 ka. Tapp 
can be used as metrics of fault activity, as these esti-
mates are correlated with shear heating temperature 
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Fig. 8  Possible partial resetting conditions, calculated from n/N, D0, 
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(Tevent) and/or duration (tevent), whilst anticorrelated 
with the recurrence interval, trecurrence (Eq. 10). Another 
potential advantage of our proposed method is that it 
could be widely applied to different luminescence and 
ESR signals with different saturation limits and thermal 
stabilities.

We calculated the possible temperature–time rela-
tionship for the past partial resetting condition of 
the Atotsugawa Fault, using the recurrence interval 
of 2.5  ka (Fig.  8 and 9a). The results calculated from 
the mean parameters suggest the event tempera-
ture of ~ 300  °C if the duration of shear heating is 1 s, 
and ~ 260  °C if the duration is 10  s. These conditions 
are similar to the observed time–temperature record 
of shear experiments with a slip rate of 1.3  m/s and a 
normal stress of 1 MPa (Kim et al. 2019; Oohashi et al. 
2020).

In this work, we assumed a uniform recurrent par-
tial resetting condition to explain the current OSL sig-
nal level, for the sake of simplicity (Fig.  1). However, 
the Atotsugawa Fault has a vertical slip component 
of ~ 1 m/ka, and thus it is possible that the gouge and 
breccia samples had gradually exhumed from shallow 
subsurface (up to ~ 170  m) within the dating range of 
the quartz OSL of ca. 170 ka, calculated from the mean 
2 times D0 (560  Gy) as the upper limit (Wintle and 
Murray 2006) divided by the mean dose rate of 3.2 Gy/
ka (Tables 2 and 3). Whereas this depth does not reach 
the partial retention zone of the OSL signal, assum-
ing a geothermal gradient of 26 °C/km measured from 
a borehole at Atotsugawa (Tanaka et al. 1999) and the 
mean ambient temperature of 11  °C, its overburden 
pressure was higher in the past (~ up to a few MPa), 
which could be the reason of the high estimated the 
partial resetting temperature of ~ 300 °C. Oohashi et al. 
(2020) estimated the minimum depth for OSL partial 
resetting to be 37 m and 11 m for normal and reverse 
faults, respectively.

As a final note, if independent assumptions of shear-
heating temperature and duration are available, via e.g. 
OSL sensitivity change (e.g. Rink et  al. 1999), vitrinite 
reflectance geothermometry (e.g. Sakaguchi et al. 2011), 
and Raman spectroscopy of carboniferous materials (e.g. 
Beyssac et  al. 2003), it would become possible to use 
Eq. 9 to infer a recurrence interval of presently undatable 
faults with currently unknown activity.
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