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ARTICLE INFO ABSTRACT

Editor: Dr A Webb The impact of climate on mountain relief is often questioned, mainly due to the difficulties of measuring surface

processes at the timescale of glacial-interglacial cycles. An appropriate setting for studying mountain erosion in

Keywords: response to Quaternary climate change is found in the Tateyama mountains in the Hida mountain range

ROCk_ cooling (northern Japanese Alps) due to distinct geomorphological features. The Japanese Alps uplifted within the past

gros:on ~1-3 Myr and experienced multiple glaciations during the late Quaternary. We use ultra-low temperature
uaternary

thermochronometers based on the luminescence of feldspar minerals from 19 rock samples and the electron spin
resonance (ESR) of quartz minerals from 8 rock samples, in combination with inverse modelling to derive rock
cooling rates and exhumation rate histories at 10°-10° year timescales from three transects in the Tateyama
region. While luminescence signals have already reached their upper dating limit, ESR signals (Al and Ti centres)
yielded ESR ages of ~0.3-1.1 Ma, implying surface processes active in the Pleistocene. Based on a negative age-
elevation relationship, local relief reduction at a cirque-basin scale is identified over the past 1 Myr, whereas a
positive age distribution with elevation for samples close to the mountain top does not follow this trend. Inverse
modelling reveals rock cooling rates on the order of 20-70 °C/Myr, with slightly faster cooling for cirque-floor
samples, which equate with erosion rates of 0.5-1 mm/yr that exceed rates from periglacial and slope processes
in the same locality. Thus, our data suggest that Quaternary climate change coupled with distinct surface pro-
cesses modified the slopes of the Tateyama mountains leading to a localised decrease in relief within an indi-
vidual cirque basin over the second half of the Quaternary.

Electron spin resonance
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Japanese islands

1. Introduction

The interaction between rates of Earth surface processes, climate and
tectonics determines the landscape in mountainous regions. Japan is one
of the most tectonically active regions on Earth due to its location at the
convergence zones between four tectonic plates (Taira, 2001). The most
extensive mountain range, the Japanese Alps, uplifted throughout the
Quaternary and reaches elevations up to 3000 m (Harayama et al.,
2003). In addition to tectonically driven changes in topography, west-
erly winds and the winter monsoon (e.g., Takeuchi et al. 2008) result in
very high rates of precipitation at high altitudes and significant snow
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accumulations (6-10 m/yr; Osada et al., 2004). The Hida mountain
range (HMR) and Kiso range of the Japanese Alps were glaciated during
marine isotope stage (MIS) 4/3 and MIS 2, controlled by sea level
changes, monsoon oscillations as well as orographic effects (Ono et al.,
2005; Sawagaki et al., 2004). However, the impact of late Cenozoic
climate on rates of erosion and mountain relief remains disputed (e.g.,
Champagnac et al. 2014). For example, Molnar and England (1990)
suggested an increase in relief due to (tectonic) isostatic uplift in
response to glacial erosion, which was later questioned by Whipple et al.
(1999). More recently, Herman et al. (2013) showed that glaciers played
an important role in eroding landscapes at all latitudes leading to an
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increase in sediment flux, which coincides with global cooling. Despite
the important climatic setting of Japan, the impact of Quaternary
climate change on the development of mountain relief is only poorly
known. This is mainly due to the difficulties of constraining rates of
Earth surface processes over glacial-interglacial cycles given the young
age and the small total denudation after the onset of the uplift of the
Japanese Alps (Sueoka et al., 2016).

Low-temperature thermochronometry is a widely used method for
studying changes in topography through the effect of erosion in moun-
tainous regions (Reiners and Brandon, 2006; Wagner and Reimer,
1972). During the last decades, trapped charge dating systems with
ultra-low closure temperatures of <100 °C have been developed (Griin
et al, 1999; Herman et al., 2010) to study cooling histories of
near-surface rocks and exhumation rates in orogens over the recent past
(Griin et al., 1999; Guralnik et al., 2015; Herman et al., 2010; King et al.,
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2016b, 2020). Recently, King et al. (2020, 2022) showed the high po-
tential of luminescence and electron spin resonance (ESR) thermo-
chronometry for constraining rates of surface processes in the northern
Japanese Alps over glacial-interglacial cycles. The authors reported on
rapid exhumation in the Kurobegawa plutonic complex in the HMR
(northern Japanese Alps) with peak erosion of ~10 mm/yr during late
Quaternary glaciation. However, the local climatic and tectonic setting
of the plutonic complexes in Kurobe are likely not equivalent to other
localities in the HMR. For example, equilibrium line altitude (ELA)
modelling showed that the Kurobegawa area has not been glaciated
during the past 0.1 Myr, whereas higher elevation regions were glaci-
ated (King et al., 2022).

The Tateyama mountains in the HMR, to the west of the Kurobegawa
area (Fig. 1), preserve many glacial features thought to have formed
during MIS2 and MIS3/4 (e.g., cirques filled with moraine and till
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Fig. 1. Study area. a) Tectonic setting of the Japanese islands (map based on Bing Aerials). Tectonic fault lines are modified from Sueoka et al. (2016). MTL: Median
Tectonic Line, ISTL: Itoigawa-Shizuoka Tectonic Line. The white rectangle highlights the study location in the Hida range; b) Geological map of the study area in the
Hida range (modified from AIST, 2015 using QGIS v 3.10). The star marks the study area of King et al. (2022); c) Digital Elevation Model based on ASTER Global
Digital Elevation Model 1 arc second, USGS, highlighting the three transects A, B, and C; d) Satellite images (Bing Aerials) of the three transects A-C with sample
locations and IDs. The white dashed lines illustrate the approximate upper limit of the cirques (after Ono 1980); e) Exemplary imagery of the three transects (see
“eyes” in d for picture locations). A — view to the cirque wall and the ridge top, B — view to the fluvially/periglacially characterised slope, and C - view to a glacially

characterised slope (photographs by S. Sueoka, G. King, and Y. Kobayashi).
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deposits; Ono, 1980; Ono et al., 2005) and have been regarded as type
localities for glaciations in central Japan (Kawasumi, 2007). The
Tateyama mountains are oriented N-S leading to characteristic
geomorphological features on both sides of the ridge: glaciers and
glacial erosion dominantly modified the landscapes on the eastern
slopes, whilst the western slopes are predominantly characterised by
periglacial and fluvial processes (Ono, 1980; Ono et al., 2005) due to an
interaction of the westerlies and the winter monsoon with the
orographic situation of the ridge (Kobayashi, 1958). Against this back-
ground, the Tateyama area is an excellent setting for studying changes in
mountain denudation and relief under a changing climate during the
Quaternary, the period when the Japanese Alps have been mainly
formed (Harayama et al., 2003). We use ultra-low temperature ther-
mochronometers using the luminescence of feldspar minerals and ESR of
quartz minerals (King et al., 2020). Together with a thermal model
(Biswas et al., 2018), this study will provide an improved understanding
of the relief development of the HMR in response to distinct surface
processes during the Quaternary period.

2. Study area

The Japanese islands are island arcs along the convergence zones
between the Eurasian, North American, Pacific, and Philippine Sea
plates (Taira, 2001). The present-day (Quaternary) tectonic motion is
mainly controlled by the subduction of the Pacific and Philippine Sea
plates at rates of 11 cm/yr and 4 cm/yr (Takahashi, 2006), respectively,
causing an E-W compressional stress field around the Plio-Pleistocene
boundary (Isozaki, 1996; Sato, 1994; Taira, 2001; Takahashi, 2006).
In consequence, most of the topographic relief of the Japanese Alps,
reaching an elevation up to 3000 m today, formed during the past few
million years with accelerated uplift during the Quaternary (Ota et al.,
2010; Sueoka et al., 2016; Yonekura et al., 2001). The HMR is the most
extensive mountain range of the Japanese Alps, and it was uplifted from
~2.5 Ma until present, with two stages of uplift proposed by Oikawa
(2003): the first stage is due to isostatic uplift related to magmatism, and
the second stage is caused by E-W compression. Vertical crustal move-
ment is estimated in the Tateyama area to up to 5 mm/yr based on GNSS
data (Doke et al., 2008). The long-term exhumation history over
107-10° years timescales in the HMR has been inferred mainly from AFT
and ZFT thermochronometry in the Kurobe area (Kurobegawa granite;
see the comprehensive overview in Sueoka and Tagami 2019 and ref-
erences therein). Based on terrestrial cosmogenic nuclides, Matsushi
et al. (2014) reported on rates of denudation in the HMR between 0.2
and 7 mm/yr over 10°-102 years, while King et al. (2022) showed rapid
exhumation with rates of ~10 mm/yr within the past 65 ka in the
Kurobe gorge (Fig. 1b) using ultra-low temperature thermochronom-
etry. The authors reported peak erosion during cold climate periods
linked to climatically controlled eustatic and surface process changes
coupled with tectonics. Similarly high rates of exhumation were
observed by Spencer et al. (2019) inferred from zircon and apatite
(U-Th)/He thermochronological data. Whilst the exhumation history in
the Quaternary plutons of the HMR is well studied, other areas such as
the Tateyama region remain poorly investigated.

Our study area is in the Tateyama region of the HMR. The present
climate in the northern Japanese Alps is influenced by the NW winter
monsoon from Siberia over the Japan Sea (Estoque and Ninomiya, 1976;
Ikeda et al., 2009; Watanabe, 1989). Heavy precipitation rates in the
Tateyama mountains are estimated to be at least ~4800 mm/yr based on
the sum of the maximum snow depth and summer precipitation (Fukui
et al., 2021). The snow cover on Mt. Tateyama exhibits snow depths of
6-10 m persisting from November to July (Osada et al., 2004). The
present ELA is estimated at 2970 m based on air temperature and pre-
cipitation data (Ono et al., 2003), which lies just below the peak of Mt.
Tateyama (Fig. 1). Ono et al. (2004) reconstructed an MIS 2 ELA of
~2500 m, and an MIS 4/3 ELA of ~1900 m. Glacial modelling using the
MIS 2 ELA indicates that ice was present in the Tateyama region during
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the Late Pleistocene (King et al., 2022), and was most likely more
extensive during MIS 4/3 (Ono et al., 2005). Geomorphological evi-
dence is found through for example cirques in the upper parts of the
mountains, till and moraines up to an elevation of ~1900 m along NE-
and E-facing slopes in the Tateyama mountains (Ono, 1980; Ono et al.,
2005; Ono and Naruse, 1997; Sawagaki et al., 2004). Glacier extent in
the Japanese Alps is controlled by monsoon changes, by zonal shifts in
westerly circulation, and by sea-level fluctuations and related changes in
sea-surface temperatures in the Japan Sea, which is the key moisture
source (Ono et al., 2005). Presently few perennial snow patches mark
the steep slopes of the Tateyama mountains, whilst it is still a matter of
debate whether some perennial snow patches can rather be classified as
glaciers (Arie et al., 2022).

In total 19 rock samples were collected along three transects (namely
transects A, B, and C; Fig. 1) around Mt. Tateyama and Mt. Bessan
(Fig. 1c) to explore the Pleistocene exhumation history of the Tateyama
region of the HMR. The bedrock corresponds to the Jurassic Funatsu
Granitic Rocks (Harayama et al., 2000) with emplacement ages ranging
between ~200 and ~180 Ma based on whole rock mineral and isochron
Rb-Sr and zircon U-Pb geochronology (e.g., Tanaka and Kagami 1987a,
1987b, Takehara and Horie 2019, Yamada et al. 2021). Samples were
taken in the Kurobe (eastern slope) and Jyoganji (western slope) river
catchments. Whereas the Tateyama volcano is located to the west of Mt.
Tateyama (Fig. 1b), transects A and B contain massive granites (Fig. 1b).
Transect C is characterised by massive granite, granodiorite and tonalite
rocks (AIST, 2015). Specifically, samples were collected within cirque
basins, at ridge tops, and on slopes that were affected by periglacial and
slope processes to investigate exhumation in the area due to distinct
surface processes (Fig. 1c).

3. Methods

3.1. Infrared stimulated luminescence (IRSL) and electron spin resonance
(ESR) thermochronometry

Infrared stimulated luminescence (IRSL) of feldspar and ESR of
quartz were used to determine the time since the mineral grains accu-
mulated charge in the crystal lattice (i.e., electron traps and holes) due
to the flux of environmental ionizing radiation since they cooled through
the effective closure temperature. We used multiple trapped charge
dating signals in feldspar (IRso, IR100, IR150, IR225) and quartz (Al and Ti
centres), which all have different charge trapping and detrapping
characteristics during rock cooling. Details of sample preparation as well
as IRSL and ESR measurement apparatus and procedures can be found in
supplementary material. Samples from all three transects were analysed
using luminescence thermochronometry (n = 19), whilst only transect A
was investigated using ESR thermochronometry (n = 8).

3.1.1. Kinetic models

We follow the approach of King et al. (2016c) for IRSL thermo-
chronometry using the following differential equations to describe the
change of trapped electrons with time:
dn(r,E,t)] D

E—F, 1
= 2 1A(r By,t)]—se & [A(r",Ep,t)] —3e” > [i(r Ep.t)]
dt Dy
(€D)]

The first term on the right-hand side in Eq. (1) describes charge
trapping where 7t (= n/N) is the trapped-charge population, D is the
environmental dose rate (Gy/s), and Dy is the characteristic saturation
dose (Gy). The second term on the right-hand side describes thermal
charge detrapping (i.e., thermal loss), which depends on the thermal
kinetic parameters of the frequency factor s (s 1), the activation energy
E; (eV), the band-tail state energy level Ej (eV), the Boltzmann constant
kg (eV/K), and the temperature T (K). The third term on the right-hand
side in Eq. (1) describes athermal charge detrapping described following
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the model of Huntley (2006), where s is the athermal frequency factor (i.
e, 3 x 1015 5*1; Huntley, 2006), p’ is the dimensionless density of the
recombination centres and r’' is the dimensionless distance between
trapped electrons and their nearest neighbouring recombination centres.
The total accumulation of charge with time, n(t), is obtained by inte-
grating n(r’,Ep,t) over the range of band-tail states, E,, and an infinite
range of dimensionless distances, ' with

o Ep

(t) = / / Pr)P(EA(, By, t)dEydr @

r=0 Ey

where p(r') is the probability density distribution of the nearest recom-
bination centres (Huntley, 2006) and P(Ep) is the probability density
distribution of the band-tail states. Thermal detrapping is described here
by using the band-tail states model (Li and Li, 2013) as implemented by
King et al. (2016¢) with

E-Ey
£ —ste ksT
n(t) ®

no = o0 [ P(Ey)e dE,

=

where the probability of thermally evicting electrons into the band-tail
states of energy in the range of E, + dE;,, P(E;)dEp, is given by Poolton
et al. (2009) and Li and Li (2013):

Ep
P(Ey)dE; = Be< E> dE, (4)
where B and E, are a pre-exponential multiplier and the width of the
Urbach tail (eV), respectively.

For ESR thermochronometry, we follow the approach of King et al.
(2020) which describes charge trapping and thermal charge detrapping
on the right-hand side in Eq. (5):

WEO Dy s, ) - se B e 0) ©)
where

n(t) = 7 P(Eq)n(E,, t)dE, (6)
and

e~ o e -5 M) ] %

Similar to IRSL thermochronometry, n (=n/N) in Eq. (5) describes
how much signal has accumulated over time in the traps or holes
dependent on the environmental dose rate (D), the characteristic satu-
ration dose (Do), and the thermal history. We describe the thermal
detrapping with a model that uses a Gaussian distribution of activation
energies, o(E;), around the trap depth u(E;) (eV) (Lambert, 2018; Fae-
rshtein et al., 2018) by the activation energy E, (eV), and P(E,), which is
the probability of thermally evicting electrons (or holes) from the trap
(Eq. (7)).

3.1.2. Prediction of cooling histories

We follow the approach of King et al. (2016c¢) for the prediction of
cooling histories. To derive cooling histories from the measured
trapped-charge population of each of the samples, n, 10,000 random
time-temperature (t-T) paths were generated, and a modelled g value
computed for each of them by solving the differential Eqgs. (1) and (5)
using the sample specific kinetic parameters for feldspar IRSL and quartz
ESR, respectively. Here, the cooling histories were constrained to cool
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monotonically between 200 °C and 5 + 5 °C over 2 Ma. For each t-T
path, we calculated a misfit between the final inverted trapped-charge
population, np,.4, and the natural trapped-charge population, n, with
an associated likelihood L:

~ ~ 2
n(og ™ n
w5205 (lg(2))) ®

L = exp(—M) )

where M is the misfit for m datasets and ¢ is the uncertainty. Cooling
histories were accepted or rejected by contrasting L with a random
number between 0 and 1 (Tarantola, 2005). The accepted cooling his-
tories are then combined to construct a probability density function of
time-temperature histories. This was done by summing the number of
paths going through each cell of a 50-interval grid (i.e.,
time-temperature axis).

3.2. Prediction of exhumation paths

Exhumation histories were inferred by using the one-dimensional
thermal kinematic model of Biswas et al. (2018). First, we generated
12,000 exhumation paths (i.e., time-depth, t-Z, paths) with mono-
tonically decreasing depth up to 15 km over 5 Ma using a Monte Carlo
(MC) approach. nyq values were then predicted for each t-Z path by
solving the 1D-heat transfer equation:

2

?)—Tt, =k ZZ—Z + e'% 10)
where « is the thermal diffusivity (30 km?/Myr), T is the temperature, z
is the depth (km), and ¢ is the exhumation rate, which corresponds to the
time derivate of t-Z. The number of steps in each exhumation history is
random, and the MC search enables the full time-depth field to be
explored. The model surface temperature of the present rocks was 5 + 5
°C. We used an initial geothermal gradient of 30 °C/km and assumed
flux boundary conditions at the model base (i.e., maximum depth). The
geothermal gradient in the shallower crust (<2 km) influencing the
trapped-charge dating signals will increase with time because of the
exhumation rate history defined by the random path (i.e., due to heat
advection caused by erosion). Therefore, we chose to truncate our data
with a maximum geothermal gradient of 100 °C/km to avoid unrealis-
tically high present-day near-surface geothermal gradients (>100 °C/
km) and to allow geothermal gradients that are higher than 30 °C/km
due to high-temperature volcanic gases in the hydrothermal system of
the Jigokudani Valley, ~3 km to the west of transect A (Seki et al.,
2015), and also to account for the shallow felsic magma reservoir un-
derneath the Tateyama mountains (Matsubara et al., 2000). The best
paths were then selected by calculating a misfit value with associated
likelihood using Egs. (8) and (9). An arbitrary uncertainty on fiy;q of
10% was assumed. The accepted t-Z paths were then used to construct a
probability density function of exhumation in time (5-0 Myr) and depth
(15-0 km). Finally, the derivative of the median and confidence in-
tervals of the probability density function were used to calculate
time-dependent exhumation rates.

4. Results
4.2. IRSL signal properties of feldspar

All analysed aliquots (n = 3 for each sample) fulfilled the standard
SAR rejection criteria for recuperation (<5%), recycling ratio (<10%)
and maximum test dose error (<10%). SAR dose response curve (DRC)
fitting was performed using the single saturating exponential function
resulting in mostly very good fit with adjusted r? values >0.97 (Tab. S1).
Laboratory residual doses were on average ~2 Gy (IRs0), ~5 Gy (IR1¢0),
~7 Gy (IR150), and ~12 Gy (IRg25). Dose recovery ratios were generally
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low for most of the samples (Table S1). E; values ranged from 1.44 eV to
1.86 eV between accepted samples and signals (Table S2). Anomalous
fading rates ranged for the IRs signals from 2.7 to 11.6% decade™!
showing the highest rates of the four IRSL signals. Whilst the [R5 sig-
nals of some samples were in the range of 2.3% decade ™!, the majority of
IR 205 signals yielded fading rates <1% decade ! (Table $2). Fading data
of samples A06-IRSL, BO4-IRSL, B06-IRSL, and IR; o - IR225 signals of all
samples from transect C were poor (i.e., scattered data points, poor fits)
(Figs. S1-S10). According to the plot of (n/N)s against (n/N);q:, most
accepted IRSL signals were in athermal field saturation, except for the
signals of sample A07-IRSL (Fig. S11). Given the underestimated dose
recovery results, n/N values might also be underestimated. Therefore,
resulting cooling and exhumation rates might not be reliable. Minimum
ages of accepted signals were ~51-207 ka, ~91-480 ka, and ~199-297
ka for samples from transects A, B, and C, respectively, derived from two
times the characteristic saturation dose (Dg) for all IRSL signals (IRso-
IRy25) (Table S2), i.e. equivalent to 0.86*(n/N),;. We excluded IR signals
from samples with poor laboratory constraints (Table S2) and used only
IR signals which fulfilled our quality control criteria (supplementary
material section 1.5 and Tab. S2) for maximum exhumation rates
modelling (assuming IRSL signals of 0.86*(nN),s). However, these IRSL
signals were not used to constrain an age-elevation relationship as the
natural signals were saturated (Fig. S11).
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4.3. ESR thermochronometry

4.3.1. ESR signal properties of quartz

ESR intensities of the Al and Ti signals were generally strong for all
Tateyama samples (Fig. S12). Natural ESR intensities (with varying
preheat temperatures) yielded a plateau between 20 °C and 160 °C for
the Al centre and 20 °C and 180 °C for the Ti centre (Fig. S13a).
Measured DRC without preheating and using preheat temperatures of
160 °C and 180 °C resulted in lower ESR intensities at higher doses,
whilst the DRC shape did not change (Fig. S13b). Final D, values were
within error for the Ti centre, whilst the Al centre resulted in higher D,
values when using preheat temperatures higher than 160 °C (Fig. S13c).
Thus, we chose a preheat temperature of 160 °C for further measure-
ments. The Al centre yielded similar dose response curve shape between
the single-aliquot additive dose (SAAD) and single-aliquot regenerative
dose (SAR) methods (Fig. S14a) and using a single saturating exponen-
tial function, D, values were 15294256 Gy and 1599+149 Gy, respec-
tively, indicating no significant sensitivity change due to the annealing
step of the SAR protocol. In addition, sliding the SAAD additive dose
points (i.e., additive dose plus regenerative D,, Fig. S14) onto the SAR
DRC suggested no sensitivity change as both curves were consistent. The
comparison between the Ti SAAD and SAR DRC resulted in insignificant
differences in the low dose region. The slight mismatch in the high dose
region is due to the dose response curve approaching saturation and is
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Fig. 2. ESR signal trapping and detrapping. a, b) Dose response curves (DRCs) of the Al and Ti centres for all ESR samples normalised to the maximum ESR intensity
(Imax)- DRCs were best fitted with a single saturating exponential function without data weighting. Ti centre DRCs were fitted until Iax. ¢, d) Exemplary ESR
isothermal decay data of sample A07. Isothermal decay data were best fitted with a multiple 1%-order kinetic model assuming a Gaussian distribution of trap depths
(i.e., Lambert, 2018, King et al. 2020). Data fitting was performed using data weighted by the inverse of the squared errors (i.e., 1-sigma standard deviation from the
three rotations). All dose response and isothermal decay data are illustrated in Figs. S15 and S16.
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Table 1

ESR data of the Al and Ti centres including kinetic parameters, D, values, and ages. Maximum ages (Agemax) are based on 2*Dg values.

Agemax (ka)

2747
7591

Age (ka)

De (Gy)
204749

D (Gy ka‘l)

o(Et) (eV) Do (Gy) n/N

logio (s) (s
11.86+0.62
14.51+1.44
12.40+0.63
13.55+0.51
13.73+0.42
16.68+0.66
13.56+0.68
12.374+0.81
11.54+1.31
11.96+0.68
13.36+1.25
13.24+1.73
16.54+1.75
15.27+1.16
11.88+0.42
19.83+1.85

Lat (N) (deg.) Lon (E) (deg.) Elev. (m) u(Et) (eV)

Sample-ID

460+48
662455
384+39
324433
386+38
554463
692+60
878+77
487+53
916+77
612461
465+48
509+49

4.451+0.46

0.28+0.01
0.16+0.00
0.26+0.01
0.18+0.01
0.13+0.00
0.35+0.02
0.17+0.01
0.26+0.01
0.62+0.04
0.54+0.03
0.66+0.05
0.49+0.03
0.48+0.04

6114+350
7709+463
5691+401
7208+351

0.11+0.00
0.114+0.01
0.114+0.01
0.10+0.00
0.10+0.00
0.16+0.01
0.14+0.01
0.154+0.01
0.1540.01
0.11+0.01
0.154+0.01
0.134+0.01
0.19+0.01
0.134+0.01
0.124+0.00
0.15+0.01

1.40+0.06
1.67+0.13
1.45+0.06
1.55+0.05
1.55+0.04
1.93+0.06
1.59+0.06
1.50+0.08
1.40+0.12
1.4240.06
1.57+0.12
1.56+0.16
1.84+0.16
1.78+0.11
1.43+0.04
2.17+0.17

2822

137.6194
137.6244
137.6214
137.6221
137.6227
137.6180
137.6168
137.6161
137.6194
137.6244
137.6214
137.6221
137.6227
137.6180
137.6168
137.6161

36.58205
36.58375
36.58444
36.58573
36.58789
36.58139
36.58139
36.58096
36.58205
36.58375
36.58444
36.58573
36.58789
36.58139
36.58139
36.58096

A01-Al

1345+29

2.03+0.16
4.52+0.44
4.38+0.43

2676

A02-Al
A03-Al
A04-Al
A05-Al
A06-Al
A07-Al
A08-Al
AO1-Ti

2520
3293
5635
2561

1734+44

2729
2749
2782
2731

1419+26

1509+37

3.92+0.37
4.70+0.50

11,030+965
6014+521
97164814
54344342
2256+140
2420+94

2600+95

7237
5787
1014
2383
1133
1394
1577
578

1859+48

2.69+0.22
1.89+0.16
4.451+0.46

2665
2633

1649+46

2170+85

2822
2676
2729
2749
2782
2731

186048

2.03+0.16
4.52+0.44
4.38+0.43

A02-Ti
A03-Ti
A04-Ti
A05-Ti
A06-Ti
A07-Ti
A08-Ti

2766452

2560491

2035+54

3051+127
3088+101

1992+40

3.92+0.37
4.70+0.50

1.18+0.06
0.66+0.04
0.72+0.03

1356+56

1649
1722

887+79

1086+97

2383174

2.69+0.22
1.89+0.16

22144103
1617+69

2665

2040+64

2633
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not caused by sensitivity change (Fig. S14b). Moreover, recycling ratios
within 5-15% of unity for both ESR signals (Table S3) of most samples
indicate no sensitivity change.

Measurements of the trapped-charge population of the Al and Ti
centres yielded similar DRC shapes between samples (Figs. 2a, b, S15,
$16). ESR signal growth is best described by a single saturating expo-
nential function with excellent goodness-of-fit with adj. r? values of
>0.98 (Table S3). Dose response curves of the Ti centre signals saturate
at ~6 kGy and yielded a non-monotonic behaviour at high doses (i.e.,
decreasing ESR intensities, Fig. 2b). The Al centre showed higher satu-
ration levels >12 kGy. Dy values ranged between 5.4 and 11.0 kGy for
the Al centre and 1.4 and 3.1 kGy for the Ti centre, whilst final D, values
ranged between 1.4 and 2.6 kGy (Al centre) and 1.9 and 2.8 kGy (Ti
centre). Sample A06-Ti had already reached signal saturation. Whilst
sample AO1 showed Al and Ti centre D, values matching each other, Al
centre D, values were lower for the other samples compared to their Ti
centre equivalents (Table 1).

Isothermal decay data were best fitted with a multiple 1%-order ki-
netic model assuming a Gaussian distribution of trap depths (i.e.,
Lambert, 2018, King et al. 2020). The goodness-of-fit is overall good
with adj. r? values >0.97 for both ESR signals, except for AO4-Ti with an
adj. % value of 0.96 (Table S3). Thermal stabilities of the Al and Ti
centre signals generally agree with previous observations by King et al.
(2020) showing lower stability for the Al centre (Fig. 2¢,d). Al centre
activation energies p(E,) ranged from 1.40 to 1.67 eV, and frequency
factors log;o(s) ranged from 11.86 to 14.51 s7! for all samples, except
for sample A06-Al which has p(E;) of 1.93+0.06 eV and a frequency
factor logio(s) of 16.68+0.66 s~ (Table 1). The Ti centre showed larger
variations with activation energies ranging between 1.40 and 2.17 eV,
frequency factors between 11.54 and 19.83 s’l, and o(E,) values be-
tween 0.11 and 0.15 eV (Table 1). We simulated the isothermal decay of
the different samples for isothermal conditions of 20 °C using the
experimentally constrained kinetic parameters (Table 1) to evaluate the
lifetime of the ESR signals (Fig. S17). As the ESR signals presented here
are not simple first-order concepts, the estimated lifetimes are approx-
imations. Both signals are sufficiently stable for dating over Quaternary
timescales with approximate lifetimes on the order of 108-10'® years
(Fig. S18). The simulations showed generally lower thermal stability for
the Al centre compared to the Ti signals, with a slight trend towards
lower stability of the Al centre at higher elevations. A moderate corre-
lation between the Al signal lifetime and elevation has also been
observed by multivariate statistical analysis, which is not the case for
the Ti signal (Fig. S19).

4.3.2. ESR ages and their age-elevation relationship (AER)

Thermochronometric ages can be constrained for the eight ESR
samples of transect A, except for the Ti centre of sample A06. The latter
sample resulted in a minimum ESR age of ~0.6 Ma (i.e., 2*Dyp) (Table 1).
The apparent ages of the Al and Ti centres range between 0.3-0.9 Ma
and 0.5-1.1 Ma, respectively (Table 1). The thermal stability of the Al
centre is lower than that of the Ti centre, which is evident in lower Al
ages compared to the Ti ages (Fig. 3). The age-elevation relationship
(AER) shows a slightly positive trend in the Al ages at elevations of
>2750 m (i.e. between A04, AO5 and AO1) and then a first-order
negative trend at lower elevations. Both signals show a more crescent-
like shape in their age-elevation relationship.

4.3.3. Rock cooling histories

The ESR data of transect A were inverted into cooling histories,
whilst no IRSL data were used in the inversions due to signal saturation.
We first inverted the ESR data separately and then together. Predicted
ESR signals showed very good agreement with the measured Al and Ti
signals, except for the Ti signals of samples A02 and A07 where slightly
higher natural n/N values were observed compared to modelled values
(Fig. S20). Inverse modelling revealed rock cooling rates on the order of
~23-85 °C/Myr for the Al centre, and slower cooling rates of 12-60 °C/
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Fig. 3. Age vs. elevation of ESR Al (black) and Ti (red) signals of samples from
transect A. *Ti centre signal of sample A06 is saturated, the two times D, age
is shown.

Myr for the Ti centre (Table S4). The Ti centre of samples A02 and A07
yielded very slow cooling <20 °C/Myr (Fig. S21, Table S4), which might
also be an effect of the poor fitting results between nNpoq and nNyps
(Fig. S20). The disagreement between our laboratory and modelling
results for the Ti signals of samples A02 and A07 leads to large un-
certainties for further interpretations. When inverting both ESR signals
together, rock cooling rates between ~19 and ~53 °C could be observed
over the past 1 Myr (Fig. S21, Table S4). For samples A02 and A07, only
the Al centre cooling rates were considered for further geomorpholog-
ical interpretations, whilst combined Al/Ti-cooling rates were used for
the other samples. Closure temperatures of the Al and Ti centres are
presented in Fig. S22 and show a correlation of both ESR signals with
their thermal kinetic parameters and slightly with elevation (Fig. S22).

4.4. Exhumation history of the Tateyama mountains

In order to constrain a maximum exhumation rate from the saturated
IRSL data, we modelled IRSL signals assuming n/N values close to
saturation (i.e., 86% of (n/N)s) from accepted samples with appropriate
IRSL signal properties only (Table S1, Fig. S23). We excluded samples
with poor misfit values (Figs. $23 and 24). Inverse modelling revealed
maximum average exhumation rates of ~1-1.5 mm/yr over the past 0.1
Myr (Figs. 4, S24). Most samples show peak maximum exhumation rates
between ~0.1 and 0.2 Ma, which might be biased by the apparent ages
in that time range (Fig. 4). In general, these maximum rates should be
taken as an approximation rather than precise rates given the high un-
certainty in the modelling results of the IRSL signals (Figs. S23 and S24).
In contrast, natural ESR signals could be used to derive exhumation rates
for samples from transect A over 10° years timescales (Figs. $25 and
$26). Given the poor Ti fitting results for samples A02 and A07 (i.e., low
number of accepted paths; Fig. S25), we excluded the Ti centre data of
these samples from further exhumation rate analyses. Inverse modelling
of the Al centre alone of the two samples yielded accepted paths of 994
and 1103, and less uncertainty in the resulting exhumation rates.

In order to compare the ESR exhumation rates with the maximum
IRSL exhumation rates, we also averaged the ESR exhumation rates over
the past 0.1 Myr (Fig. 5). These rates are significantly lower than 1 mm/
yr and more on the order of 0.5 mm/yr, which is in agreement with the
maximum IRSL exhumation rates over the past 0.1 Myr (Fig. 4). When
considering the sample specific apparent ages, samples A01-Al-Ti and
A08-Al-Ti yielded the lowest exhumation rates of ~0.25 mm/yr without
remarkable changes over the past 0.5 and 1 Myr, respectively (Fig. 5).
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Fig. 4. Maximum IRSL exhumation rates for samples from transect A (a, ¢) and
transect B (b, d). a and b) Median exhumation rates calculated from inversion of
IRSL data using a 1D thermal model following Biswas et al. (2018). As the
natural IRSL signals are saturated, 86% of (n/N), was used to invert maximum
exhumation rates from the IRSL data. The stars mark the 2*D, ages of the
accepted IRyy5 signals. Note that the median exhumation rates were smoothed
using a moving average; ¢ and d) Exhumation rates and 1-sigma standard de-
viation averaged over the past 0.1 Myr.

Samples from the Kuranosuke cirque (A02-05) yielded average rates of
~0.5 mm/yr with slightly higher rates before 0.5 Myr for sample A02
(Fig. 5b). Slightly higher average rates of ~0.8 mm/yr were also
observed for sample A07 from 0.75 to 0.5 Myr before decreasing to 0.4
mm/yr over the past 0.5 Myr (Fig. 5b). The highest rates were observed
for sample A06 of ~1.1 mm/yr over the past 0.5 Myr before decreasing
to ~0.7 mm/yr within the past 0.1 Myr (Fig. 5a). However, uncertainties
of exhumation rates are higher for sample A06. In general, the latter
sample seems to be an outlier of the data set which differs in terms of its
kinetic parameters (Table 1) and its thermal history compared to the
other samples (Figs. S21 and S22).

5. Discussion

Luminescence and ESR systems belong to the group of leaky and
saturating thermochronometers, which challenges the evaluation of the
closure isotherm that the minerals have passed since the onset of signal
growth (Guralnik et al., 2013). The low closure temperatures of the ESR
signals (Fig. S22) suggest isotherms at depths within 1-2 km in the
shallow crust, which follow the topography (Braun, 2002; King et al.,
2016a). This makes the ESR thermochronometers very sensitive to
changes in surface topography as predicted by Braun (2002) for
low-temperature thermochronometers based on a 3D-thermal kinematic
model. Whilst Tateyama luminescence samples have reached their
upper dating limits, yielding only minimum cooling ages of between
0.05 Ma and 0.48 Ma (Table S2), ESR thermochronometric ages of
samples from transect A date back to ~0.3-1.1 Ma providing thus in-
sights into landscape evolution during the Pleistocene.
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Fig. 5. Exhumation rates calculated from inversion of ESR data using a 1D thermal model following Biswas et al. (2018). a) Median exhumation rates shown over 1
Myr (see also Fig. S26). Samples collected from the top of the ridge (solid-dotted line), the Kuranosuke cirque (solid lines), and samples that are affected by fluvial
and/or periglacial processes (dashed lines) are shown from transect A. Note that the median exhumation rates were smoothed using a moving average; b) average
exhumation rates over the past 0.1 Myr (circles, for comparison with IRSL max. exhumation rates), 0-0.5 Ma (triangles), 0.5-0.75 Ma (squares), and over 0.75-1 Ma
(diamonds). Average exhumation rates were calculated over timescales below or equal to the sample-specific apparent ages (stars in Fig. 5a). Filled symbols
correspond to the top and eastern slope (cirque) samples, whilst the unfilled symbols belong to western slope samples. No curve smoothing was used before averaging
exhumation rates over the specific time periods. The errors correspond to 1-sigma standard deviations of the averaged medians.

The distribution of ESR ages with elevation from transect A (Fig. 3)
shows a crescent-like pattern for both Al and Ti centres. Whilst the
youngest ESR ages (~0.3-0.5 Ma) are found at the cirque wall and at the
ridge top, slope samples yielded systematically older ESR ages
(~0.5-1.1 Ma) towards lower elevations (Fig. 3). Braun (2002) pre-
dicted that a reduction in surface relief would result in a negative AER,
as observed for the ESR ages presented here (Fig. 3). Glacial erosion has
been argued to result in relief reduction associated with concentration of
erosion at higher altitudes, reduction of fluvial erosion downstream of
the glaciers, and a possible acceleration of summit-lowering rates in the
near-glacial environment (Whipple et al., 1999) and cirques in the
Tateyama region indicate intense glacial erosion at and above the gla-
cier’s long-term ELA at a local scale. Herman et al. (2011) found a
bimodal distribution of glacial erosion with peak erosion around the ELA
and enhanced erosion at lower altitudes based on a glacial erosion
model. Such a distribution of glacial erosion rates is documented in
Norway (Steer et al., 2012) and the European Alps (Sternai et al., 2013).

Although glaciation in the HMR has been locally intense, it has been
however much less extensive compared to Norway or the European Alps.
For example, based on terminal moraines in the Kuranosuke cirque, a
downstream extension during the LGM of ~1.2 km has been estimated
(Watanabe, 1989). Thus, small glacier size and limited extent in the
HMR likely led to limited carving of troughs of channeled ice in the
downslope direction, which are rather affected by fluvial processes. In
this study, although modelled exhumation rates have high uncertainties
(Figs. 5b and S24), there is a trend towards slightly higher glacial
erosion rates compared to rates from the western slope over the past 0.5
Myr (Fig. 5b). These results are consistent with the rock cooling rates for
samples from the Kuranosuke cirque (Fig. S21), which show cooling
from ~45-70 °C over the past 1 Myr, whereas samples from outside of
the cirque basin exhibit slower rates of rock cooling (Table S4). Thus,
our data suggest that cirque relief developed during the past 1 Myr.
Similar observations have been reported using (U/Th)He and ‘He/°He
dating of apatite for the glacial landscape of Fiordland, New Zealand,
due to headward propagation of glacial erosion (Shuster et al., 2011).
However, our study area is more localized than the latter study, thus

giving insights into relief evolution at the scale of an individual
cirque-basin rather than at the scale of the mountain range. Whilst
samples from the Kuranosuke cirque reveal average rates of ~0.5-1
mm/yr, equating to at least ~250 m of exhumation over the past 0.5
Myr, the west-facing slope yielded exhumation rates of ~0.3 mm/yr,
equating to ~150 m of exhumation over the past 0.5 Myr. Similar rates
are observed for the period before 0.5 Ma for samples with higher
apparent ages (Fig. 5), whilst differences for samples A02 and A07 can
be related to uncertainties arising from the modelling of the Al centre
only. Our data imply that more intense erosion has taken place in the
cirque basin and when considering the exhumation rates of the
cirque-basin samples, a very localized relief reduction is observed for the
lower part of the cirque basin. Thus, the first-order negative trend of the
AER can suggest a decrease in relief and incision of the glacial cirque
throughout the late Quaternary (Fig. S27).

This hypothesis was further tested using Pecube (Braun et al., 2003,
2012) by modelling the ESR data of transect A using different topo-
graphic change scenarios (i.e., no change, increase and decrease of re-
lief). The negative AER can be well predicted using Pecube (Fig. S28),
although it has been shown that the negative trend is partly induced by
the moderate correlation between thermal kinetic parameters and
sample elevations (Figs. S19, S22). In contrast, different thermal sensi-
tivities of the samples challenge the reproduction of the crescent-like
shape of the AER. The Pecube modelling results are in general agree-
ment with our 1D-modelling results in terms of cooling histories and
exhumation rates; samples in the cirque basin must have experienced
more recent cooling than the surroundings samples. However, inversion
results from our Pecube modelling suggest that ESR data alone do not
have sufficient resolution to constrain the topographic relief scenario,
because of a trade-off between regional denudation rate and relief
change (Fig. S29 and discussion). While a relief decrease scenario cannot
be excluded, a higher temperature thermochronometer such as apatite
(U-Th)/He may be required to add more constrains.

Samples near to and at the peak do not follow the negative AER,
indicating that a potential relief reduction is very localized along the
mountain slopes rather than at the peak. In contrast, using numerical
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models, Tomkin and Braun (2002) predicted relief reduction through
peak erosion, especially where glaciers are warm based. Warm-based
glaciation seems likely for the northern Japanese Alps where a
temperate climate has been estimated during the LGM around the ELA
(Kobayashi, 1958) but the small size of the glaciers has likely limited
peak erosion in the Tateyama mountains. This is also supported by the
steady exhumation rates over the past 1 Myr of ~0.25 mm/yr observed
at the ridge top (sample A01), which is the lowest rate along the sam-
pling transect, and can be considered as the background erosion rate in
the Tateyama region, demonstrating that the mountain peak is not
affected by a relief reduction.

In general, successive migration of the ELA throughout the Quater-
nary in response to a changing climate likely affected the distribution of
both glacial erosion and periglacial processes (Kobayashi, 1958).
Changes in precipitation over the Pleistocene might have led to snow
cover exceeding 6-10 m/yr (Osada et al., 2004), leading to enhanced
erosion due to for example nivation (Ono, 1980), enhanced glaciation or
periglacial weathering as reported from alpine glaciers in the Canadian
Rockies (Sanders et al., 2012). This interplay of glacial and periglacial
erosion may explain why the time-series of exhumation rates do not
show a clear trend towards higher rates during glacial periods at ~65 ka
and ~20 ka as observed from King et al. (2022) from Kurobe ~5 km to
the NE of the Tateyama area (Fig. 1b). This likely reflects the relatively
high-resolution dataset from that study, where it was possible to
combine IRSL and ESR data from the same samples, as the IRSL ages
were not already in field saturation. Furthermore, the authors reported
exhumation rates up to one order of magnitude higher than in the
Tateyama mountains. This difference in exhumation rates is likely due to
the distinct lithologic-geomorphic coupling between phases of magma-
tism and surface processes (e.g. [to et al. 2021) as has previously been
identified elsewhere, such as at the Eastern Himalayan syntaxis (e.g.,
Zeitler et al. 2014).

Our samples were collected in the upper elevations of the Kurobe and
Jyoganji catchments, two of the steepest rivers in Japan (Yoshimura
et al., 2005). Erosion rates on the order of <1 mm/yr from the steep
high-mountain environment of Tateyama are consistent with the
basin-averaged erosion rates of Matsushi et al. (2014), who also reported
on a decline of erosion rates for the steeper basins of the Takase and
Ashima rivers in the HMR. Higher rates of erosion are expected further
downstream where deeply incised fluvial valleys are formed as shown
from the Kurobe gorge by King et al. (2022). Recent uplift rates in the
Tateyama area are estimated to be ~5 mm/yr based on GNSS data (Doke
et al., 2008), which are 5-10 times higher than the modelled exhuma-
tion rates at high altitudes in the Tateyama mountains (Fig. 5). Thus, we
propose that the high-altitude mountain slopes of the Tateyama region
experience cirque headwall retreat in combination with periglacial and
slope processes, whilst the Tateyama mountains may still be developing
given the imbalance between our estimated erosion rates and reported
uplift rates.

6. Conclusion

Here we apply the recently established ESR-thermochronometry
method to constrain the Quaternary exhumation history of a formerly
glaciated landscape. ESR signals are sensitive to closure isotherms
within 1-2 km of the surface, allowing the effect of changing surface
processes on exhumation rates to be constrained. For the first time, we
provide experimental data that show a negative AER as predicted by
Braun (2002) for a localized reduction in relief within a cirque basin.
Our data suggest that during the Quaternary the cirque slope of the
Tateyama mountains experienced a very localized relief reduction in
response to glacial and periglacial processes, whilst our data imply that
the mountain peaks were not affected. This result shows that ESR
thermochronometry can identify patterns of erosion due to distinct
geomorphic processes over the recent past at a local scale. Thus, we
propose that the highly active landscape in the Tateyama mountains is
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controlled by an interplay of distinct geomorphic features and Quater-
nary climate change.
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