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A B S T R A C T   

Quantitative paleotemperature reconstruction is a challenging and important issue in paleoenvironmental 
studies, for which carbonate clumped isotope (Δ47) thermometry is a promising approach. Here we analyzed Δ47 
values from 66 layers of OT02 stalagmite from Ohtaki Cave in central Japan, covering two separate time intervals 
(2.6–8.8 and 34.8–63.5 ka) to reconstruct terrestrial temperature and meteoric δ18O records. The average Δ47 
temperatures of the Holocene interval and the latest Pleistonece interval were 16.3 ◦C ± 5.6 ◦C and 9.7 ◦C ±
4.6 ◦C, respectively. The Δ47 thermometry also revealed that the cold intervals (5 ◦C–10 ◦C) correspond to the 
Heinrich stadials HSs4–6, and the warm interval (up to 19.9 ◦C ± 6.0 ◦C) in middle Holocene (approximately 
6–5 ka) accompanied by the Hypsithermal climate optimum. We also reconstructed past meteoric δ18O by 
subtracting the temperature effect from stalagmite δ18O. Average meteoric δ18O was − 8.2‰ ± 1.0‰ vs. VSMOW 
in the Holocene interval and − 8.8‰ ± 0.8‰ in the latest Pleistocene interval. Over centennial timescales, 
meteoric δ18O was more negative during colder periods, such as Heinrich stadials and a cooling event around 7 
ka, and less negative in warmer periods, such as Hypsithermal warming. A temperature dependency of total 18O 
fractionation from sea water to precipitation is a likely reason for the negative correlation between temperature 
and meteoric δ18O. Additionally, East Asian summer monsoon (EASM) brought larger rainfall of less negative 
δ18O during the warm periods, whereas larger snow/rainfall of more negative δ18O brought from East Asian 
winter monsoon (EAWM) in colder periods. The relative influences from EASM and EAWM were changing in a 
centennial timescale. δ18O of OT02 had reflected changes in terrestrial temperature and meteoric δ18O, which are 
both strongly related to EASM and EAWM.   

1. Introduction

The oxygen isotopic composition of stalagmite calcite (δ18OC) is a 
key source of information for terrestrial paleoclimates. Nevertheless, 
paleoclimatic interpretation of stalagmite δ18OC should consider two 
main controlling factors: the temperature of calcite formation and the 

oxygen isotopic composition of cave drip water (δ18OW). It is impossible 
to determine their relative importance by measuring only stalagmite 
δ18OC. The classical interpretation used in stalagmite paleoclimatic 
studies from the East Asian Monsoonal region was that the change in 
meteoric δ18O (δ18OMW) is the dominant factor controlling stalagmite 
δ18OC and surpasses other foctors such as temperature change (e.g., 

Abbreviations: East Asian monsoon, EAM; last glacial maximum, LGM; dissolved inorganic carbon, DIC; kinetic isotope effect, KIE; Heinrich stadial, HS; Seto 
Inland Sea, SIS; East Asian summer monsoon, EASM; East Asian winter monsoons, EAWM; prior calcite precipitation, PCP. 
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Wang et al., 2001). The conventional approach has given a lot of 
achievements revealing paleoclimatic histories of meteorological con-
ditions, such as monsoon intensities, moisture trajectory, and precipi-
tation seasonality (e.g., Wang et al., 2001; Kato and Yamada, 2016). 

However, the effect of meteoric δ18OMW is not always dominant in 
the stalagmite records. The importance of temperature signals was 
reaffirmed for late Pleistocene to middle Holocene stalagmites from Mie 
and Gifu Prefectures, central Japan, located at the eastern margin of the 
East Asian monsoon (EAM) regime (Mori et al., 2018; Fig. 1). These 
stalagmites exhibit notably smaller amplitudes of variation in δ18OC less 
than half of Chinese cave records of relevant age; hence, the glacial/ 
interglacial contrast within these stalagmites can be accounted for a 
typical warming temperature of 9 ◦C from the last glacial maximum 
(LGM) to the mid-Holocene (Mori et al., 2018). This estimated tem-
perature change is comparable with other paleoclimate studies using 
stalagmites and lake and marine deposits around the Japanese Islands 
(Nakagawa et al., 2002; Kawahata et al., 2011; Kigoshi et al., 2014; 
Uemura et al., 2016). Mori et al. (2018) concluded that climate effect on 
δ18OW values was insignificant for these Japanese caves, perhaps 
because of their proximity to moisture sources in the Pacific. 

Temperature and precipitation often covary spatially and temporally 
(discussed in datail later), and signals from these two factors are difficult 
to be separated in paleoclimatic records. To reconstruct their coevolu-
tion, their signals should be divided quantitatively. Recently, it became 
possible to separate the signals of temperature change in stalagmite 
δ18OC by virtue of advances in various methods to analyze inclusions in 
stalagmite, i.e., water inclusion and organic contaminants (TEX86 
thermometer; e.g., Wassenburg et al., 2021). Another independent 
approach to estimate paleotemperature is carbonate clumped isotope 
(Δ47) thermometry (Ghosh et al., 2006; Eiler, 2007). The method has an 

advantage in its availability because the target substance of the method 
is carbonate which is the main component of stalagmite. The principle of 
clumped isotope thermometry is based on the temperature dependency 
of the observed abundance anomaly of the 13C–18O bond in carbonate 
relative to the stochastic abundance calculated using bulk δ13C and δ18O 
values. The abundance anomaly of 13C18O16O (Δ47) in CO2 from acid 
digestion of carbonate minerals is negatively correlated with the tem-
perature of carbonate precipitation (Ghosh et al., 2006; Schauble et al., 
2006). Nevertheless, estimating paleotemperature from stalagmite Δ47 
values is challenging. CO2 degassing from cave water leads to isotopic 
disequilibrium in the dissolved inorganic carbon (DIC) pool and thus a 
lower Δ47 value of carbonate, which yields higher temperatures than 
predicted (e.g., Guo and Zhou, 2019). A first step of CO2 degassing is 
caused by physical diffusion from cave water to cave atmosphere, and 
the solution becomes supersaturated with respect to calcite. During 
calcite precipitation, CO2 is generated and escapes from the solution. A 
recent study indicated this precipitation driven degassing solely causes 
isotopic disequilibrium in DIC (Dreybrodt and Fohlmeister, 2022). The 
kinetic isotope effects (KIEs) under these conditions have been reported 
from natural and laboratory speleothem Δ47 results (Affek et al., 2008, 
2014; Daëron et al., 2011; Kluge and Affek, 2012; Affek, 2013; Affek and 
Zaarur, 2014; Kato et al., 2021). In our previous study (Kato et al., 
2019), we analyzed Δ47 values of Japanese natural tufa. Similar to sta-
lagmite settings, CO2 degassing induces calcite precipitation in tufa by 
increasing its saturation state in stream water (Ford and Pedley, 1996; 
Kano et al., 2003, 2019; Kawai et al., 2006). 

In another previous study of us (Kato et al., 2021), we measured Δ47 
values of a stalagmite Hiro-1 from Maboroshi Cave in Hiroshima Pre-
fecture, southwestern Japan (Shen et al., 2010; Hori et al., 2013, 2014; 
Fig. 1). We applied the temperature calibration evaluated from Δ47 

Fig. 1. Maps of study sites. (a) Location of our study area and (b) bathymetric map of western Japan showing the locations of Ohtaki Cave, Maboroshi Cave, Kiriana 
Cave, and Lake Nojiri. 
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values of tufa (Kato et al., 2019) to the Δ47 values of Hiro-1 stalagmite 
and revealed terrestrial temperature changes after the LGM to the mid- 
Holocene, except for some layers in which Δ47 and δ18OC were signifi-
cantly disturbed by strong KIE. The Δ47 values of Hiro-1 exhibit an 
abrupt warming which corresponds to the Hypsithermal event (Wanner 
et al., 2008), but the record during the corresponding Heinrich stadial 1 
(HS1) was unavailable because of strong influences of KIE related to dry 
cave conditions (Kato et al., 2021). 

In this study, we analyzed the Δ47 values of the OT02 stalagmite 
(2.6–8.8 and 34.8–63.5 ka; Mori et al., 2018) from Ohtaki Cave (Fig. 1) 
to obtain a longer climatic record in Japan, including four periods of 
Heinrich stadials (HSs) that have yet to be clarified in Japan. Mori et al. 
(2018) recognized the four times of positive excursions of δ18OOT02 as 
Heinrich stadials (HSs4–6 including 5.2) by comparing with δ18O curves 
of Greenland ice core (NGRIP Members, 2004) and that of another sta-
lagmite (KA03 from Kiriana Cave; Mori et al., 2018). 

Ohtaki Cave is located 250 km east-northeast from Maboroshi Cave 
(Fig. 1). The climatic and hydrological settings are different in the 
Ohtaki and Maboroshi Caves (Kato et al., 2021), although these regions 
are on the mainland (Honshu) of Japan (Fig. 1). A major difference 
between the climatic settings of these caves is the seasonal bias in pre-
cipitation amount. The averaged winter rain/snowfall in the Ohtaki 
Cave region is over 500 mm, which is nearly four times of that in the 
Maboroshi Cave region. In addition, Ohtaki Cave lies 200 km far from 
the Seto Inland Sea (SIS), which is presumed to be an important source 
of moisture for the Maboroshi Cave (Fig. 1; Kato et al., 2021). Detailed 
and statistic comparison of climatic settings of these two cave regions 

will be performed in a discussion part (Section 5.1). We compare the 
coevolutions of terrestrial temperature and precipitation in the Ohtaki 
Cave region from the latest Pleistocene to the middle Holocene, with 
results from the Hiro-1 stalagmite (Kato et al., 2021) and other studies 
that revealed EAM evolutions, such as the record from a Japanese lake 
(Nakamura et al., 2013) and records from Chinese continental regions 
where many EAM studies have been reported (Porter and An, 1995, 
1700 km WSW from our study area; Wang et al., 2001, 2500 km W; Song 
et al., 2018, 1900 km WNW). 

2. Study area and material

2.1. Ohtaki Cave

Ohtaki Cave (35◦44′N, 136◦59′E; 400 m asl at the entrance) is 
located in central Gifu Prefecture, Honshu, 80 km away from both the 
Pacific and Japan Sea coasts (Fig. 1). The region lies on the west of Hida, 
Kiso Akaisi montain ranges which bisect Honshu. As measured at 
Nagataki (altitude: 430 m asl; 25 km NNW from the cave), a nearby 
meteorological station, the annual average rainfall over the latest 40 
years was 3081 mm. The region is wet year-round: 22.6% in spring 
(March–May), 36.0% in summer (June–August), 24.6% in autumn 
(September–November), and 16.8% in winter (December–February). 
The 40-year mean annual average temperature is 11.5 ◦C, ranging from 
− 0.3 ◦C in January to 23.9 ◦C in August (Fig. 2a). 

Ohtaki Cave has a total length of >1000 m (Yura, 2011) into the 
Permian limestone of the Mino Terrane (Kajita et al., 1971). It comprises 

Fig. 2. Climatic conditions at the (a) Nagataki and (b) Yuki observatories over the period 1981–2020 and the oxygen isotopic compositions of meteoric water at (c) 
Ohgaki and (d) Nagaya. (a, b) Average monthly air temperatures are shown with errors of 1σ. The box plot of precipitation shows the first and third quartiles, and the 
whisker lengths depict the ranges between the minimum and maximum values. Averaged monthly precipitation is shown by horizontal bars in the boxes. (c, d) 
Rainwater was collected for each rain event at Ohgaki city, 60 km southwest from Ohtaki Cave, by Mori et al. (2018) and for each month at Nagaya, 20 km east from 
Maboroshi Cave, by Hori et al. (2009). The bars in (c) show the weighted average values for each month. 
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three cave levels; stalagmites are best developed in the middle level, 
which is located 110 m underground. The cave has been modified by 
artificial tunnels for tourists, but the temperature in the cave remains 
stable at approximately 13.0 ◦C, which is not sensitive to the seasonal 
change in surface temperature but higher than the annual mean tem-
perature observed in the nearest weather observatory at Nagataki 
(11.5 ◦C). A larger amount of water seepage during summer possibly 
elevates the cave water temperature throughout the year. 

2.2. Material

We analyzed a 140-mm-long stalagmite (OT02) collected from the 
middle level, 200 m from the cave entrance. U-Th ages and δ18O values 
from OT02 have been reported by Mori et al. (2018). The age model of 
OT02 was established on the basis of U-Th ages from 11 horizons using a 
Bayesian statistical model (StalAge; Scholz and Hoffmann, 2011). A 
hiatus of 26 kyr (8.8–34.8 ka) was recognized at a discontinuous surface 
at the 55 mm horizon (Mori et al., 2018). The age ranges of the upper 
and lower parts are 2.6–8.8 and 34.8–63.5 ka, respectively; however, the 
linear age model of OT02 established by the Bayesian statistical model 
includes a relatively large uncertainty (up to ±2.5 kyr; Mori et al., 
2018). The lower part of OT02 stalagmite records four Heinrich stadials 
(HSs4–6 including HS5.2). OT02 passed Hendy test (Hendy, 1971) 
performed for eight depths of the stalagmite to evaluate kinetic effects 

(Mori et al., 2018). 
The δ18OOT02 (VPDB) values range from − 8.2‰ to − 6.3‰, which 

were analyzed from 644 layers (at 0.2 mm intervals) of the stalagmite 
(Fig. 3a; Mori et al., 2018). At 63.5–34.8 ka, the δ18OOT02 generally 
becomes less negative from older to younger layers and displays four 
millennial-scale events with amplitude of 0.5‰–1‰. The δ18OOT02 
values of the Holocene interval (8.8–2.6 ka) mostly fall between − 7‰ 
and − 8‰; however, a slight positive shift of about 0.5‰ is observed 
around 6 ka (Fig. 3a). Mori et al. (2018) suggested that the overall trend 
of δ18OOT02, with a broad positive shift in 63.5–34.8 ka and more 
negative values in the Holocene, is the same as that of seawater δ18O 
(Fig. 3b). The positive excursions of δ18OOT02 corresponding to four 
Heinrich stadials were observed in the U-Th ages of OT02 at − 61.8 ka 
(HS6), 56.3–55.1 ka (HS5.2), 48.2–44.9 ka (HS5), and 40.9–38.2 ka 
(HS4). Mori et al. (2018) linked these four durations with terms of HSs 
found in a KA03 stalagmite (63.5–60.1 ka, 55.9–54.7 ka, 49.4–48.2 ka, 
and 41.3–39.7 ka), for which the U-Th age model is more precise than 
the OT02 age model. The similarity of the two stalagmite records also 
constitutes a “replication test” (Dorale and Liu, 2009), verifying the lack 
of strong kinetic effects in these records. 

2.3. Climatic and hydrological settings of Ohtaki and Maboroshi Caves

Two major moisture sources to Japan are the Pacific Ocean and the 

Fig. 3. (a) Time series changes of δ18OOT02 (Mori et al., 2018), (b) δ18OSW (modified from Lisiecki and Stern, 2016), (c) Δ18OOT02− SW, and (d) Δ47 of OT02. The error 
bars of Δ47 show the SD of in-house standard measurements (±‰). Data for OT02 (a, c, and d) are shown alongside (a) δ18OHiro-1, (c) Δ18OHiro-1− SW, and Δ47 of Hiro-1 
(Hori et al., 2013; Kato et al., 2021) as gray lines and bars. 

H. Kato et al.                                                                                                                                                                                                                                    



Chemical Geology 622 (2023) 121390

5

Japan Sea, from which the East Asian summer and winter monsoons 
(EASM and EAWM, respectively) bring moisture mainly by warm 
southerly winds and cold northerly winds, respectively. The climate of 
Japan is characterized by clear seasonality because the East Asian 
summer/winter monsoons migrate across the region. Consequently, the 
precipitation source switches seasonally between the Pacific Ocean in 
summer and the Japan Sea in winter (Fukui, 1977). On the Pacific side of 
the central mountains in Japan, including the sites of Ohtaki Cave 
(OT02) and Maboroshi Cave (Hiro-1), the EASM delivers the majority of 
the annual precipitation to the Pacific side of Japan. During the winter, 
the cold and dry EAWM winds acquire moisture from the Tsushima 
Warm Current, which blows into the Japan Sea. Most moisture from the 
Japan Sea side is then released as heavy snow and rainfall on the Japan 
Sea coast, whereas residual moisture generates comparatively short 
snow and rainfall on the Pacific side. Consequently, less negative 
δ18OMW values are observed during the warm season, and more negative 
δ18OMW values are observed during the cold season in several areas in 
Japan. 

Mori et al. (2018) collected 13 samples of cave drip water at sta-
lagmite OT02, as well as 137 separate rain events in 2013–2015 at 
Ohgaki City (altitude 10 m), located 60 km southwest from upstream 
along the major moist trajectory during the EASM season. The δ18OMW 
values at Ohgaki show clearer seasonal differences, i.e., less negative 
values from March to November (− 5.7‰ ± 2.3‰ in amount-weighted 
average) and more negative values from December to February 
(− 10.8‰ ± 2.1‰; Mori et al., 2018; Fig. 2c). The cave drip water likely 
has δ18O value near the weighted average of δ18OMW at Ohtaki Cave, 
because the region is wet year-round as mentioned above. However, the 
drip water δ18O value at Ohtaki (− 8.3‰ on average) is clearly more 
negative than the average δ18OMW value at Ohgaki (− 6.4‰; Mori et al., 
2018). This discrepancy is explained by locations along the dominant 
path of moisture trajectory and differences in altitude; Ohtaki Cave is 
further from the Pacific and at a higher altitude (400 m asl) than Ohgaki 
(10 m asl). Previous studies of the meteoric water δ18O in the Japanese 
Islands also indicates that the value in the Ohtaki area is clearly more 
negative than the Ohgaki area (Mizota and Kusakabe, 1994). Asai et al. 
(2014) investigated monthly δ18OMW values at 11 locations on Mt. 
Ontake (1030–2750 m asl), 45 km east–northeast of Ohtaki Cave, in 
2003–2005. The δ18OMW values in the region were least negative in 
spring (April–May; approximately − 10‰ to − 8‰), most negative in 
winter (January–February; approximately − 15‰ to − 14‰), and mod-
erate during the summer (Asai et al., 2014). Although the altitudes of 
these sites (Nagaya, Ohgaki, and Ontake) differ significantly from that of 
Ohtaki Cave, there is a common trend in that the most negative δ18OMW 
values were observed in winter. Since Ohgaki is located upstream of 
Ohtaki along the major moisture trajectory of the region, the seasonal 
pattern of δ18OMW around Ohtaki Cave is likely most similar to that in 
Ohgaki, although the average δ18OMW is more negative in Ohtaki. 

Hori et al. (2009) collected meteoric water at monthly intervals at 
Nagaya (Okayama Prefecture), located 20 km east of the site of Hiro-1 in 
2005–2007. δ18OMW exhibited less negative values from April to 
October (− 7.1‰ ± 1.4‰ in amount-weighted average) and more 
negative values from November to March (− 9.7‰ ± 1.4‰; Hori et al., 
2009; Fig. 2d). 

3. Method

3.1. Carbonate clumped isotope (Δ47)

3.1.1. Δ47measurement and calculation

We collected subsamples for carbonate clumped isotope (Δ47) mea-
surement from 66 layers throughout OT02. To avoid strong disequilib-
rium effects as much as possible, subsamples were collected from clear 
layers excluding opaque and muddy horizons. Such horizons are pre-
sumed to have formed under depressed and/or discontinuous calcite 
precipitation which may be involved to high prior calcite precipitation 

(PCP) condition and strong disequilibrium imprints (Kato et al., 2021). 
Five milligrams of powdered carbonate were digested by phosphoric 

acid at 90 ◦C for ~5 min and the generated gas was immediately trapped 
by a stainless-steel tube cooled by liquid nitrogen. Moisture was sepa-
rated from CO2 gas using a liquid nitrogen and ethanol slush, after which 
CO2 was introduced to a 30-m-long capillary column (Supel-Q PLOT) 
with a helium carrier gas. The column was cooled to − 10 ◦C to remove 
organic contaminants. Purified CO2 was analyzed with a dual inlet mass 
spectrometer (Finnigan MAT-253) at Kyushu University configured for 
measurements of masses 44–49 with pressure adjustment to produce an 
m/z 44 signal of 16 V. The integration time was 30 s. We applied the 
Pressure Baseline correction of He et al. (2012) with the off-peak mea-
surement of the background intensities of masses 45–49. Each analysis 
comprised 5–8 acquisitions, with 4.5 off-peak (nine alternate detections; 
five times for the reference side and four times for the sample side), 8 on- 
peak, and 4 off-peak cycles per acquisition. 

Further data processing to obtain Δ47 values was performed using 
Microsoft Excel spreadsheets that first provided Δ47 value versus 
working gas (Oztech; δ13C = − 3.61‰ VPDB, and δ18O = 24.90‰ 
VSMOW). We applied the 17O correction of Brand et al. (2010) (with K 
= 0.01022461, λ = 0.528) to calculate Δ47 values. Each Δ47 value was 
adjusted on the absolute reference frame of Dennis et al. (2011) and 
expressed as Δ47-ARF. Raw Δ47-[EGvsWG] was 1) corrected using the δ47- 
dependence slope (− 0.000064‰ in Δ47 per 1‰ of δ47; Kato et al., 2019), 
2) converted to Δ47-RF using an empirical transfer function, and 3) 
converted to Δ47-ARF by adding the acid fractionation factor (0.082‰) of 
Defliese et al. (2015). We describe Δ47-ARF simply as Δ47 unless other-
wise noted. 

Δ47 measurements were performed for four discrete periods from 
2018 to 2019. Each subsample was measured once or twice, and 
repeated measurements of an in-house calcite standard (Hiroshima 
standard; δ13C = − 0.47‰, δ18O = − 5.04‰ and Δ47 = 0.671‰) for 11, 5, 
7, and 6 times for each period demonstrated the stability of Δ47 mea-
surements. The standard deviations (1 SD) of Δ47 measurements were 
calculated for each period and were found to be ±0.006‰–0.009‰ (n =
5–11), corresponding to ±1.8 ◦C–3.7 ◦C in the OT02 temperature range 
(Table 1). 

3.1.2. Temperature calibration for stalagmite Δ47value

To estimate paleotemperature from Δ47 values of OT02 stalagmite, 
we applied an experimental (empirical) calibration established from Δ47 
values of natural tufa (Eq. (1); Kato et al., 2019). 

Δ47 = (0.0336± 0.0036)× 106/T2 +(0.301± 0.048) (1)  

where T is absolute temperatures in Kelvins. The Δ47 temperature cali-
bration of tufa (Eq. (1)) was applied to the Δ47 values of Hiro-1 stalag-
mite and successfully yielded the paleotemperature; average 
temperature of the middle Holocene part brackets the modern average 
air temperature, and the Δ47 temperature record from Hiro-1 is consis-
tent with well-known climatic stages (Kato et al., 2021). Affek and 
Zaarur (2014) reported a temperature calibration established from Δ47 
of CaCO3 rafts floating at the surface of the Ca(HCO3)2 solutions. The 
calibration was reculcurated with the 17O correction of Brand et al. 
(2010) by Matthews et al. (2021) and may be relevant to speleothem 
conditons. We append a calculation results with the raft calibration in a 
supplementary file (Table S2). 

3.2. Paleometeoric δ18O reconstruction

As mentioned above, stalagmite δ18OC value is controlled by the 
temperature of calcite formation and the δ18OW value of water. Using 
the paleotemperature determined by carbonate clumped isotope and the 
temperature dependency of isotopic fractionation between calcite and 
water (FTwater–stalagmite), past δ18OW values can be calculated from the 
calcite δ18OC value. We applied the temperature dependency of δ18O of 
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Table 1 
δ18OOT02 and Δ47 values of OT02, Δ18OOT02− SW, Δ47 temperatures calculated from a tufa calibration (Kato et al., 2019), and reconstructed meteoric water δ18OMW and Δ18OMW− SW values.  

Analysis Depth Age δ18OOT02 Δ18OOT02− SW Δ47-ARF Δ47 temperature δ18OMW Δ18OMW− SW

Number (mm) before A.D. (‰ VPDB) (‰ VPDB) (‰) SE (◦C) Max Min (‰ VSMOW) Max Min (‰ VSMOW) Max Min

633 0.5 2663 − 7.2 − 7.2 0.705 ± 0.006 15.3 17.4 13.2 − 8.0 − 7.6 − 8.4 − 8.0 − 7.6 − 8.4 
535 2.5 2897 − 7.3 − 7.4 0.688 ± 0.009 21.5 25.0 18.2 − 6.9 − 6.2 − 7.5 − 6.9 − 6.3 − 7.6 
618 4.0 3071 − 7.3 − 7.4 0.717 ± 0.006 11.0 13.0 9.0 − 8.9 − 8.5 − 9.3 − 9.0 − 8.6 − 9.4 
756 4.0 3071 − 7.4 − 7.5 0.696 ± 0.008 18.5 21.4 15.6 − 7.6 − 7.0 − 8.1 − 7.7 − 7.1 − 8.2 
557 5.5 3246 − 7.5 − 7.6 0.696 ± 0.009 18.6 22.0 15.3 − 7.6 − 7.0 − 8.3 − 7.7 − 7.1 − 8.4 
684 7.0 3501 − 7.5 − 7.6 0.712 ± 0.006 12.8 14.9 10.7 − 8.7 − 8.3 − 9.1 − 8.8 − 8.4 − 9.2 
647 10.5 3756 − 7.4 − 7.4 0.685 ± 0.006 22.6 24.9 20.3 − 6.8 − 6.4 − 7.2 − 6.8 − 6.4 − 7.3 
544 12.0 4011 − 8.2 − 8.2 0.673 ± 0.009 27.5 31.2 24.0 − 6.7 − 6.0 − 7.3 − 6.7 − 6.1 − 7.4 
703 13.5 4187 − 7.6 − 7.6 0.713 ± 0.006 12.5 14.6 10.5 − 8.9 − 8.5 − 9.3 − 8.9 − 8.5 − 9.3 
553 15.0 4363 − 7.8 − 7.8 0.689 ± 0.009 21.1 24.6 17.8 − 7.5 − 6.8 − 8.1 − 7.5 − 6.9 − 8.1 
634 16.5 4567 − 7.8 − 7.8 0.700 ± 0.006 16.9 19.1 14.8 − 8.2 − 7.8 − 8.6 − 8.3 − 7.9 − 8.7 
870 16.5 4567 − 7.9 − 7.9 0.696 ± 0.008 18.5 21.5 15.7 − 8.0 − 7.5 − 8.6 − 8.1 − 7.5 − 8.6 
539 18.5 4771 − 7.8 − 7.9 0.670 ± 0.009 28.6 32.4 25.0 − 6.2 − 5.5 − 6.8 − 6.2 − 5.6 − 6.9 
765 18.5 4771 − 7.9 − 7.9 0.673 ± 0.008 27.5 30.7 24.3 − 6.4 − 5.8 − 7.0 − 6.4 − 5.9 − 7.0 
695 19.5 4888 − 8.0 − 8.0 0.709 ± 0.006 13.7 15.8 11.6 − 9.1 − 8.7 − 9.5 − 9.1 − 8.7 − 9.5 
562 20.5 5006 − 8.1 − 8.1 0.711 ± 0.009 13.0 16.1 9.9 − 9.3 − 8.7 − 9.9 − 9.4 − 8.7 − 10.0 
671 22.0 5182 − 7.9 − 7.9 0.708 ± 0.006 14.2 16.3 12.1 − 8.9 − 8.5 − 9.3 − 8.9 − 8.5 − 9.3 
548 23.5 5358 − 8.1 − 8.1 0.684 ± 0.009 23.0 26.5 19.6 − 7.4 − 6.8 − 8.1 − 7.5 − 6.8 − 8.1 
731 26.0 5655 − 7.9 − 8.0 0.717 ± 0.008 10.9 13.7 8.3 − 9.5 − 9.0 − 10.1 − 9.6 − 9.0 − 10.1 
620 31.0 6217 − 7.6 − 7.6 0.701 ± 0.006 16.6 18.7 14.4 − 8.1 − 7.7 − 8.5 − 8.2 − 7.8 − 8.6 
758 31.0 6217 − 7.5 − 7.6 0.709 ± 0.008 13.1 16.7 11.1 − 8.7 − 8.0 − 9.1 − 8.7 − 8.1 − 9.1 
559 33.0 6483 − 7.5 − 7.6 0.724 ± 0.009 8.6 11.6 5.7 − 9.6 − 9.0 − 10.2 − 9.7 − 9.1 − 10.3 
865 33.0 6483 − 7.6 − 7.7 0.705 ± 0.008 15.3 18.1 12.5 − 8.4 − 7.8 − 8.9 − 8.4 − 7.9 − 9.0 
685 34.0 6502 − 7.6 − 7.7 0.715 ± 0.006 11.6 13.7 9.6 − 9.1 − 8.7 − 9.5 − 9.1 − 8.7 − 9.5 
663 35.5 6522 − 7.7 − 7.7 0.711 ± 0.006 13.3 15.4 11.2 − 8.8 − 8.4 − 9.2 − 8.9 − 8.5 − 9.3 
546 36.5 6541 − 7.4 − 7.5 0.731 ± 0.009 6.3 9.2 3.4 − 10.0 − 9.4 − 10.6 − 10.1 − 9.5 − 10.7 
708 38.0 6843 − 7.4 − 7.4 0.720 ± 0.006 10.0 12.1 8.1 − 9.2 − 8.8 − 9.6 − 9.2 − 8.8 − 9.6 
696 43.5 7650 − 7.3 − 7.4 0.707 ± 0.006 14.6 16.7 12.5 − 8.3 − 7.8 − 8.7 − 8.3 − 7.9 − 8.7 
672 45.5 7853 − 7.3 − 7.4 0.707 ± 0.006 14.5 16.6 12.4 − 8.2 − 7.8 − 8.6 − 8.3 − 7.9 − 8.7 
732 47.5 8056 − 7.4 − 7.5 0.715 ± 0.008 11.6 14.3 8.9 − 8.9 − 8.3 − 9.4 − 9.0 − 8.4 − 9.5 
542 49.0 8259 − 7.5 − 7.6 0.686 ± 0.009 22.3 25.8 19.0 − 6.9 − 6.3 − 7.5 − 7.0 − 6.4 − 7.6 
759 52.0 8595 − 7.5 − 7.6 0.704 ± 0.008 15.5 18.4 12.7 − 8.2 − 7.7 − 8.7 − 8.3 − 7.8 − 8.9 
689 55.0 35,024 − 7.0 − 7.7 0.714 ± 0.006 11.9 14.0 9.9 − 8.4 − 8.0 − 8.8 − 9.1 − 8.7 − 9.5 
564 56.0 35,243 − 6.7 − 7.4 0.711 ± 0.009 13.0 16.2 10.0 − 7.9 − 7.3 − 8.5 − 8.6 − 8.0 − 9.2 
550 59.5 36,046 − 7.0 − 7.7 0.714 ± 0.009 12.0 15.2 9.0 − 8.4 − 7.8 − 9.0 − 9.1 − 8.5 − 9.7 
664 61.5 36,560 − 6.5 − 7.2 0.730 ± 0.006 6.6 8.5 4.6 − 9.0 − 8.6 − 9.4 − 9.7 − 9.3 − 10.1 
709 64.0 37,074 − 6.5 − 7.1 0.738 ± 0.006 4.2 6.1 2.3 − 9.5 − 9.1 − 9.8 − 10.1 − 9.7 − 10.5 
761 67.0 37,587 − 6.7 − 7.3 0.713 ± 0.008 12.2 15.0 9.5 − 8.1 − 7.5 − 8.6 − 8.7 − 8.1 − 9.2 
536 68.0 38,101 − 6.9 − 7.5 0.707 ± 0.009 14.6 17.8 11.4 − 7.8 − 7.2 − 8.4 − 8.4 − 7.8 − 9.0 
697 71.0 38,924 − 6.9 − 7.6 0.742 ± 0.006 2.9 4.8 1.1 − 10.2 − 9.8 − 10.6 − 10.9 − 10.5 − 11.3 
762 71.0 38,924 − 7.0 − 7.7 0.731 ± 0.008 6.4 9.0 3.8 − 9.5 − 9.0 − 10.1 − 10.2 − 9.7 − 10.8 
558 75.0 39,747 − 6.8 − 7.5 0.706 ± 0.009 14.8 18.0 11.6 − 7.7 − 7.1 − 8.3 − 8.4 − 7.8 − 9.0 
676 76.5 40,122 − 6.8 − 7.5 0.747 ± 0.006 1.4 3.3 − 0.4 − 10.3 − 10.0 − 10.7 − 11.0 − 10.6 − 11.4 
860 76.5 40,122 − 6.7 − 7.4 0.703 ± 0.008 15.8 18.7 13.0 − 7.4 − 6.8 − 7.9 − 8.1 − 7.5 − 8.6 
733 78.5 40,498 − 6.7 − 7.4 0.712 ± 0.008 12.7 15.5 10.0 − 8.0 − 7.4 − 8.5 − 8.7 − 8.1 − 9.2 
626 81.5 41,212 − 7.0 − 7.7 0.703 ± 0.006 15.8 18.0 13.7 − 7.6 − 7.2 − 8.0 − 8.3 − 7.9 − 8.7 
690 83.0 41,551 − 6.6 − 7.3 0.737 ± 0.006 4.4 6.3 2.6 − 9.5 − 9.1 − 9.9 − 10.2 − 9.8 − 10.6 
554 84.0 41,890 − 6.9 − 7.6 0.727 ± 0.009 7.8 10.8 4.9 − 9.2 − 8.6 − 9.8 − 9.9 − 9.3 − 10.5 
665 85.5 42,197 − 6.8 − 7.5 0.726 ± 0.006 8.0 10.0 6.1 − 9.0 − 8.6 − 9.4 − 9.7 − 9.3 − 10.1 
710 87.5 42,505 − 6.9 − 7.6 0.736 ± 0.006 4.8 6.7 2.9 − 9.8 − 9.4 − 10.2 − 10.4 − 10.0 − 10.8 
760 89.0 42,812 − 7.1 − 7.8 0.689 ± 0.008 21.0 24.1 18.0 − 6.8 − 6.3 − 7.4 − 7.5 − 6.9 − 8.0 
645 91.5 43,212 − 7.1 − 7.8 0.720 ± 0.006 10.1 12.1 8.1 − 8.9 − 8.5 − 9.3 − 9.6 − 9.2 − 10.0 

(continued on next page) 
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Tremaine et al. (2011); Eq. (2) as follows: 

1000lnαwater− calcite = 16.1
(
103 T − 1) − 24.6 (2)  

Eq. (2) was established for cave deposits (Tremaine et al., 2011) and is 
also consistent with δ18O variability in Japanese stalagmites studied by 
Mori et al. (2018) and Kato et al. (2021). The temperature-dependent 
coefficient of FTwater–stalagmite of Eq. (2) is approximately 
− 0.19− − 0.20‰/◦C in the OT02 temperature range. 

The index of past meteoric isotope, δ18OMW was calculated from 
δ18OOT02 by following equation. 

δ18OMW =
(
1000+ δ18OOT02

)/
αwater− calcite − 1000 (3)  

δ18OMW principally refers to cave drip water, which is assumed to be 
almost the average value of meteoric water δ18O. 

4. Results

4.1. Carbonate clumped isotope (Δ47) temperature

The Δ47 values of 66 layers in OT02 range from 0.670‰ to 0.747‰ 
(Fig. 3d), corresponding to 1.4 ◦C–28.6 ◦C using Eq. (1) (Table 1). The 
overall trend of Δ47 variations broadly agrees with trend of δ18OOT02 
(Fig. 3). Comparatively high Δ47 values (low temperatures) were 
observed in portions in which less negative δ18OOT02 values were 
observed. We found a positive correlation between δ18OOT02 values 
normalized to seawater δ18O change and Δ47 values of the OT02 sta-
lagmite (discussed later in Sections 5.2 and 5.3). 

The average Δ47 temperature of the Holocene portion (16.3 ± 5.6 ◦C, 
8.8–2.6 ka) is 6.6 ◦C higher than the average of the lower portion (9.7 ±
4.6 ◦C, 63.5–34.8 ka) (Fig. 3d). The observed temperature drops corre-
sponding to the HSs are 3 ◦C–5 ◦C. Interval of higher Δ47 temperatures, 
which presumably correspond to Hypsithermal event (Wanner et al., 
2008) was during 5.4–3.8 ka (19.9 ◦C ± 6.0 ◦C) after a temporal cooling 
around 7 ka. Except for the warm period of Hypsithermal, the average 
Δ47 temperature during the Holocene is 14.1 ◦C ± 4.1 ◦C. 

Smaller temperature variation of 1.8 ◦C–24.0 ◦C was calculated from 
the OT02 Δ47 range using the raft calibration (Affek and Zaarur, 2014; 
Matthews et al., 2021). The calculation results are shown in Table S2. 

4.2. δ18OMWreconstruction

δ18OMW value vary between − 10.3‰ and − 6.2‰ (Table 1; Fig. 4e). 
The averaged δ18OMW value of the Holocene (8.8–2.6 ka) portion is less 
negative than that of the latest Pleistocene (63.5–34.8 ka) portion, as is 
the inverse trend of δ18OOT02 value. 

5. Discussion

5.1. Difference in climatic settings of Ohtaki and Maboroshi Caves

A major difference between the climatic settings of Ohtaki Cave 
(Nagataki) and Maboroshi Cave (Yuki) is a seasonal bias of precipitation 
amounts. In Nagataki, precipitation during the three winter months 
(December–February) accounts for 16.8% of annual precipitation and 
yearly variations in winter precipitation are much larger than those in 
Yuki (Figs. 2a and b). Consequently, the amount ratio of winter to 
annual precipitation is an important factor controlling the annual 
average δ18OMW values at Ohtaki Cave. On the other hand, in Yuki (near 
Maboroshi Cave), precipitation during the coldest 3 months (Decem-
ber–February) is limited to only 10% of the annual total and the yearly 
variation is also very limited in these months (Fig. 2b). The precipitation 
during the warmer 7 months (April–October) accounts for 78% of the 
annual total, which is more than three times the precipitation in the 
other 5 months (November–March; 22%) (Fig. 2b). In the region of Ta
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Maboroshi Cave, the Chugoku Mountains (1729 m asl) obstruct the 
winter rain/snowfall from the Japan Sea side. It is therefore estimated 
that the amount ratio of winter and annual precipitation has less 
importance for the annual average δ18OMW values at Maboroshi Cave. 

The depths of surrounding seas caused another difference in hydro-
logical settings in a millennial scale. The SIS (Fig. 1b) is currently 
shallow (mostly <50 m deep) and is an important vapor source for 
Maboroshi Cave in Hiroshima. However, the SIS was almost exposed 
during the glacial sea-level low. Because of the absence of this inland 
sea, moisture was predominantly transported over longer distances from 
the marine vapor source. Less negative δ18OMW from the SIS was 
established by the Holocene glacial retreat (Kato et al., 2021). By 
contrast, the influence of the SIS is negligible for Ohtaki Cave in Gifu 
prefecture (Fig. 1b). 

5.2. Stable oxygen isotope compositions normalized to seawater values

We corrected δ18OOT02 values by removing variations in the marine 
δ18O following the assumption and method by Mori et al. (2018). Sta-
lagmite δ18OC changes with drip water δ18O derived from meteoric δ18O 
(δ18OMW). Although the δ18OMW is determined via various processes, 
such as evaporation from seawater, moisture transfer, condensation, and 
precipitation, it must be controlled by the δ18O of seawater (δ18OSW), 
which is the dominant moisture source in the Japanese Islands. The 

oxygen isotope values of drip water and OT02 (δ18OOT02) were influ-
enced by changes in δ18OSW, according to their hypothesis. We 
accounted for the influence from δ18OSW change (Δ18OSW) according to 
Mori et al. (2018) to correct the δ18OOT02 values for the δ18OSW change, 
as follows: 

Δ18OSW =
(
δ18Oforam − 3.26

)
× 1

/
(5.03–3.26) (4)  

where δ18Oforam is the time series from deep Pacific benthic forams re-
ported for the last glacial cycle (150 kyr) by Lisiecki and Stern (2016). 
Their data, which is standardized for every 500 years, exhibit variations 
ranging from +5.03‰ during the LGM to +3.26‰ in the Holocene. 
Although their δ18Oforam represents the fluctuation in deep water 
δ18OSW, it differs very slightly from the value of surface water. However, 
the δ18Oforam reflects the combined signals of δ18OSW and ocean tem-
perature. Eq. (4) converts δ18Oforam to Δ18OSW (Fig. 3b) following the 
assumption that 18O enrichment in seawater during the LGM was 1.0‰ 

± 0.1‰ (Schrag et al., 1996, 2002; Bintanja and van de Wal, 2008; 
Shakun et al., 2015). We follow Mori et al. (2018) in defining the re-
sidual variation in δ18OOT02 by subtracting the influence from δ18OSW 
change (Δ18OSW) as follows: 

Δ18OOT02− SW = δ18OOT02 − Δ18OSW (in VPDB scale) (5) 

We then assume that residual variation (Δ18OOT02− SW) reflects 

Fig. 4. (c) Δ47 temperature, (e) δ18OMW and Δ18OMW− SW from the OT02 stalagmite compared with (d, f) the results of the Hiro-1 stalagmite (Kato et al., 2021). The 
values of δ18OMW and Δ18OMW− SW for (e) OT02 and (f) Hiro-1 were calculated from (a) δ18OOT02 and Δ18OOT02− SW and (b) δ18OHiro-1 and Δ18OHiro-1− SW, respectively, 
by the subtraction of temperature effect (Eqs. (3) and (6)) using (c, d) Δ47 temperatures. Yellow-vertical bands show the periods of Heinrich stadials. Light-blue bands 
show the periods of high lake level in Lake Nojiri, which occurs after heavy snowfall from EAWM as shown by Nakamura et al. (2013). The light-red band shows a 
period of warm climatic optimum corresponding to the Hypsithermal observed both in this study and in the Hiro-1 stalagmite of Kato et al. (2021). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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variations in hydrologic processes (e.g., fractionation from seawater to 
vapor, amount effect, and continental effect on meteoric δ18O) and 
signals of deposition temperature (temperature-dependent fractionation 
between water and calcite). Δ18OOT02− SW shows a small variation be-
tween − 8.3‰ and − 6.7‰ and most values fall between − 7‰ and − 8‰ 
(Fig. 3c). No significant difference was observed between the averaged 
Δ18OOT02− SW values of the latest Pleistocene (63.5–34.8 ka) and the 
Holocene (8.8–2.6 ka) (Fig. 3c). 

In addition to δ18OMW, we defined another index of past meteoric 
isotope, Δ18OMW− SW, which was calculated from Δ18OOT02− SW by 
following equation. 

Δ18OMW− SW =
(
1000+Δ18OOT02− SW

)/
αwater− calcite − 1000 (6)  

Δ18OMW− SW refers to the difference between δ18OMW and δ18OSW; in 
other words, the total fractionation in the hydrologic circulation process 
(from seawater to meteoric water) involving changes in climatic factors 
including the monsoon intensity, moisture trajectory, and the 

seasonality of precipitation. Δ18OMW− SW value varies between − 11.0‰ 
and − 6.2‰ (Table 1; Fig. 4e). 

5.3. Discrimination of KIEs and temperature calibration for OT02

Δ47values

Before paleoclimatic reconstruction, we inspected the reliability of 
our results as paleoclimatic records. In principle, both calcite δ18O and 
Δ47 values decrease with temperature rise. If temperature variation is 
the dominant control on calcite δ18O and Δ47 values, they should posi-
tively correlate. Nevertheless, these temperature dependencies can be 
complicated by the KIE due to precipitation-driven CO2 degassing from 
the parent water. It has been suggested that CO2 degassing elevates δ18O 
values and lowers Δ47 values of carbonate minerals by incomplete iso-
topic exchange among water and DIC species (Guo, 2008; Daëron et al., 
2011; Kluge and Affek, 2012; Guo and Zhou, 2019; Dreybrodt and 
Fohlmeister, 2022) and can generate isotopic offsets (differences be-
tween actual and equilibrium values). Some speleothems show a 

Fig. 5. (a) Cross-plot of OT02 Δ47 and Δ18OOT02− SW. Dashed lines show the theoretical relationships at stable Δ18OMW− SW values from − 13.0‰ to − 4.0‰ (VSMOW) 
calculated using Eqs. (2) and (5) (Kato et al., 2019; Tremaine et al., 2011). 
The regression lines of OT02 are given for the Holocene (in red) and latest Pleistocene (in blue) and they are indistinguishable from each other. The slopes of these 
lines are clearly shallower than the theoretical relationships and the three discrete regression lines for the Hiro-1 stalagmite (Kato et al., 2021). (b) Slopes of 
regression lines (A in Eq. (6)) between Δ47 and (Δ18OOT02− SW − FTSW–MW) under the variable temperature dependency of FTSW–MW (a in Eq. (7)). The a value for 
OT02 is 0.18 (‰/◦C), which is clearly larger than that for Hiro-1, 0.08–0.10 (‰/◦C; Kato et al., 2021). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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negative correlation between δ18O offset and Δ47 offset (Daëron et al., 
2011; Wainer et al., 2011; Kluge and Affek, 2012; Kluge et al., 2013; 
Affek et al., 2014). This type of covariation (negative correlation) be-
tween δ18O and Δ47 offsets develops when KIE fractionation signifi-
cantly affects δ18O and Δ47. In such cases, Δ47 temperature is unusable 
for paleoclimatic reconstruction. 

We examined the covariation between Δ18OOT02− SW and Δ47 values 
of the OT02 stalagmite to distinguish the influences from temperature 
and KIE. Here, we use Δ18OOT02− SW rather than δ18O OT02 because the 
Δ18OOT02− SW is better index of temperature considering δ18OSW change 
(Δ18OSW). In the OT02 stalagmite, a weak but positive covariation be-
tween Δ18OOT02− SW and Δ47 values was observed and expressed as Eq. 
(7) (Fig. 5a, r = 0.42, n = 74, p < 0.01). 

Δ18OOT02− SW = 6.35 Δ47–12.14
(
n = 74,R2 = 0.177,p < 0.01

)
(7) 

This regression of Δ47 versus Δ18OOT02− SW is common to the Holo-
cene and the latest Pleistocene intervals, which have difference in the 
temperature range (Fig. 5a). The weakness of this correlation can be due 
to variations in δ18OMW and KIE strength, and deviations in Δ47 meas-
urment of ±0.006‰–0.009‰. However, the positive relationship sup-
ports the hypothesis that the signals, Δ47 and Δ18OOT02− SW are not 
largely disturbed by changes in the strength of KIE disequilibrium, and 
that temperature and temperature-dependent changes are the principal 
factors controlling both the overall trends of Δ47 and Δ18OOT02− SW. 

For the purpose of comparison, in the case of the Hiro-1 stalagmite, 
the positive covariation was found also in most parts of the stalagmite, 
supporting the interpretation that both Δ47 and δ18OHiro-1 changed 
mainly with temperature (Kato et al., 2021). However, several layers of 
low growth rate and less negative δ13C in Hiro-1 which imply dry con-
ditions and high PCP (Hori et al., 2013) exhibited features of the strong 
influence of KIE disequilibrium: less negative δ18O values and smaller 
Δ47 values. 

The growth rate of the OT02 stalagmite is higher and more stable 
(around 1–4 μm/yr in the latest Pleistocene portion and 8–9 μm/yr in 
the Holocene portion) than that of the Hiro-1 stalagmite (<0.3 μm/yr in 
HS1 and up to 3–4 μm/yr in 6.0–6.5 and 16.5–17.0 ka; Hori et al., 2013; 
Kato et al., 2021). Additionally, subsamples for Δ47 measurements were 
collected from clear layers of OT02 excluding opaque/muddy horizons 
to avoid the effect of KIE as much as possible, as mentioned in Section 
3.1.1. A stable growth rate is likely the reason for absence of strong KIE 
disequilibrium in the OT02 stalagmite. Therefore, we deduce that tem-
perature is the dominant control on the OT02 Δ47 record and that the 
relationship is consistent throughout the growth of OT02 from the latest 
Pleistocene to the middle Holocene. Further, the average Δ47 tempera-
ture during the Holocene, except for the Hypsithermal warm period 
(14.1 ◦C ± 4.1 ◦C), is identical with the current cave temperature of 
13.0 ◦C within the uncertainty. Therefore, the temperature reconstruc-
tion using tufa calibration (Eq. (1); Kato et al., 2019) appears to be 
successful. 

5.4. Terrestrial paleotemperature

We interpret temperature to be the dominant and consistent control 
on the OT02 Δ47 record, on the basis of the discussion presented in 
Section 5.3. The Δ47 temperature record from OT02 (Table 1) is also 
broadly consistent with known climatic stages, such as cooling during 
HS6 and cooling around HS5.2, warming during the Holocene, and a 
warming peak around the Hypsithermal event (9 to 6–5 ka; Wanner 
et al., 2008), although the cooling in HS5 is not so significant comparing 
to HS6 and HS5.2 and Δ47 temperature show large scatter during HS4 
(±6.0 ◦C) and the warming peak of the Hypthithermal (±6.2 ◦C) 
(Fig. 4c). In the period common to the OT02 and Hiro-1 stalagmites 
(7.7–4.5 ka), the two stalagmites exhibit very similar patterns in Δ47 
temperature (Figs. 4c and d); a rapid warming in 7.0–6.0 ka after a 
temporal cooling of about 5 ◦C at 7.0 ka from around 15 ◦C at 8.0–7.5 ka 

and a gradual cooling to the cessation of stalagmite growth. Notably, the 
data plots of OT02 were calibrated to the age of Hiro-1 by the shapes of 
Δ47 fluctuations with red vertical bars in Fig. 4, considering the larger 
dating error for OT02 (up to ±2.5 kyr) aforementioned. For the same 
reason, H5.2 cooling is thought to be responsible for the comparatively 
low Δ47 temperatures observed around 54.8–54.1 ka of OT02 U-Th age. 
Thus, three distinct and venial cooling intervals of 3 ◦C–5 ◦C are likely 
linked to HS6, HS5.2, and HS5 (Fig. 4c). Although the averaged Δ47 
temperature of the latest Pleistocene portion of OT02 (63–35 ka) is 
lower than that of the Holocene portion, the Δ47 temperature in warm 
periods between each Heinrich stadial reached 10 ◦C–15 ◦C, which is as 
high as the present temperature and the average of the Holocene. 

Our Δ47 temperature equation (Eq. (1)) was calibrated using the Δ47 
values of natural tufa deposited at 5.6 ◦C–16.0 ◦C. The high Δ47 tem-
peratures over 20 ◦C around 5.4–2.9 ka therefore somewhat deviate 
from the temperature range covered by Eq. (1). Because of the nature of 
carbonate clumped isotope thermometry, the uncertainty of Δ47 tem-
peratures is greater at higher temperatures, because the Δ47 value ex-
hibits an inverse proportionality to the square of the temperature in 
Kelvins. Even after considering these larger errors and uncertainties, the 
average temperature during the period from 5.4 to 3.8 ka (considering 
the larger dating error for OT02 mentioned above, which likely corre-
sponds to the warm maximum of 6.3–4.9 ka recorded in Hiro-1) is 
19.9 ◦C ± 6.0 ◦C and is higher than the present cave temperature of 
13 ◦C. 

Seasonal temperature variation is currently very limited (presum-
ably within ±1.0 ◦C) in the deeper part of Ohtaki Cave, and it is thus 
likely that the past cave temperature was also stable on seasonal time-
scales. The high-average Δ47 temperature during the Hypsithermal does 
not necessarily mean uniform warming of all seasons. In Nagataki (near 
Ohtaki Cave), the temperature variation tends to be largest in the colder 
season (November–April) and smaller in the warmer season (May–Oc-
tober; Fig. 6a). The correlation coefficient (R) of annual and monthly 
temperatures is large in February–May and September–October and 
smallest in the warmest months (July–August; Fig. 6a). Together, this 
indicates that summer temperature is not an important control in the 
determination of annual average temperatures. Variability in annual 
average temperature is largely dependent on temperature variability in 
spring and autumn and is also somewhat dependent on winter temper-
ature. Though the assumption cannot be proven by our stalagmite re-
cords, we raise the possibility that the annual average temperature in 
Nagataki is characterized by the lengths of the warmer time and the 
colder time of year. Based on the assusmption, the higher cave tem-
perature of 19.9 ◦C ± 6.0 ◦C observed in the 5.4–3.8 ka period of OT02 
(corresponding 6.3–4.9 ka of Hiro-1) was possibly induced by longer 
high summers and shorter winters than at present, accompanied by the 
warm climate optimum of the Hypsithermal event. 

5.5. Features in the correlation between Δ47versus Δ18OOT02− SW

A unified regression of Δ47 versus Δ18OOT02− SW was obtained for the 
OT02 stalagmite from the latest Pleistocene and also from the middle 
Holocene (Eq. (7)). However, the slope of 6.35 is significantly shallower 
than that of the hypothetical relationship (A*). Where both stalagmite 
δ18OC and Δ47 are solely controlled by depositional temperature (in 
other words, assuming a constant drip water δ18OW), the relationship 
between δ18OC and Δ47 can be theoretically calculated. We applied the 
temperature dependency of Δ47 (Eq. (1)) and δ18O (Eq. (2); Tremaine 
et al., 2011). The hypothetical relationship between Δ47 and Δ18Osta-

lagmtie− SW is almost linear, with a slope A* around 70, but is slightly 
dependent on the Δ47 value (i.e., temperature) (approximately 72.5 at 
Δ47 = 0.69, 68.5 at Δ47 = 0.74). 

The temperature dependency of meteoric water δ18OMW was viewed 
as a possible cause for the shallower slope. The apparent positive links 
between local surface air temperature and the meteoric δ18OMW have 
been reported globally (Dansgaard, 1964; Rozanski et al., 1993). This 
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relationship can be explained using the renowned Craig-Gordon-type 
model of isotopic fractionation during water evaporation and the 
Rayleigh-type fractionation model during water condensation. It ap-
pears reasonable that δ18OMW would be less negative in a temperate 
climate. To evaluate this interpretation, we defined the temperature- 
dependent fractionation from seawater to meteoric water as FTSW–MW 
(in ‰) and expressed the relationships between Δ47 and Δ18OC (OT02 or 

Hiro-1)− SW as shown in Eqs. (8) and (9): 

a = dFTSW–MW/dT (8)  

Δ18OC (OT02 or Hiro− 1)− SW = AΔ47 + FTSW–MW +B (9)  

where T is the local surface air temperature in ◦C and FTSW–MW is 
assumed to be a linear function of T in a limited temeptature range. The 
temperature-dependent coefficient of FTSW–MW is expressed by a 
(‰/◦C). The slope A in Eq. (9) increases with the a of Eq. (8) and reaches 
the hypothetical slope A* of Δ47 versus Δ18Ostalagmtie− SW (approximately 
70 as mentioned above) when a takes an appropriate value (Fig. 5b). In 
the OT02 stalagmite, the slope A reaches the hypothetical value A* when 
aOT02 is at 0.18‰/◦C for both the Holocene and latest Pleistocene (red 
line for the Holocene and blue line for the latest Pleistocene in Fig. 5b). 

The regression of OT02 Δ47 versus Δ18OOT02− SW (Eq. (7); Fig. 5a) and 
the aOT02 value (0.18‰/◦C) are common to the Holocene and the latest 
Pleistocene intervals of OT02, but different in the Hiro-1 stalagmite. In 
the case of the Hiro-1 stalagmite, different regressions of Δ47 versus 
Δ18OHiro-1− SW were obtained from three discrete periods, 18.0–16.0, 
14.2–12.6, and 7.7–4.9 ka (Fig. 5a, Kato et al., 2021). An especially large 
difference was noted between regressions in the pre-Holocene and mid- 
Holocene. Kato et al. (2021) explained this discrepancy in regressions by 
differences in meteoric water δ18OMW (Δ18OMW− SW) due to the presence 
or absence of the SIS (Fig. 1b), which is an important vapor source for 
Maboroshi Cave in Hiroshima when the sea level was high. Less negative 
δ18OMW from the SIS was established by the Holocene glacial retreat 
(Kato et al., 2021). By contrast, the influence of the SIS is negligible for 
Ohtaki Cave in Gifu prefecture (Fig. 1b). This is likely the reason for the 
unified regression of Δ47 versus Δ18OOT02− SW (Eq. (7)) for Ohtaki Cave 
(Fig. 5a). 

There is another characteristic in the regression slopes of OT02 Δ47 
versus Δ18OOT02− SW compared to Hiro-1 values. The regression slope 
6.35 of OT02 (Eq. (7)) is shallower than those of the Hiro-1 stalagmite 
which are approximately 40 (37.71–44.15; Kato et al., 2021) (Fig. 5a). 
Fig. 5b also shows the calculation results of aHiro-1 (black lines in Fig. 5b; 
Kato et al., 2021). The differences in these slopes are thought to be the 
result of distinct temperature dependencies of meteoric δ18OMW between 
these two cave sites. In the Hiro-1 stalagmite, Slope A in Eq. (8) reaches 

the hypothetical slope A* when aHiro-1 is at 0.077‰–0.098‰/◦C (black 
lines in Fig. 5b; Kato et al., 2021), which is smaller than aOT02. 

5.6. Reason for the larger temperature-dependent coefficient of

FTSW–MW(a) in OT02 

We assume that the divergence in a values for OT02 and Hiro-1 are 
ascribed to regional differences in precipitation characteristics. As 
described in Section 2.3, in both Nagataki (near Ohtaki Cave; Fig. 2c) 
and Yuki (near Maboroshi Cave; Fig. 2d), less negative δ18OMW values 
are observed during the warm season, whereas more negative δ18OMW 
values are observed in the cold season. However, in Nagataki, winter 
precipitation accounts for a larger proportion (16.8%) of the annual 
total, and the yearly variation of winter precipitation is twice or three 
times as large as that in Yuki (Figs. 2a and b). Hence, the amount ratio of 
winter/annual precipitations is an important factor influencing the 
annual average δ18OMW values at Ohtaki Cave. 

The major control of winter precipitation from the Japan Sea side is 
the strength of the EAWM. Hirose and Fukudome (2006) found a sig-
nificant correlation (R2 = 0.85) between the average winter precipita-
tion on the Japan Sea side of Honshu and Hokkaido islands in 
1907–2006 and the winter monsoon index of Hanawa et al. (1988), 
which reflects differences in the sea-level pressures between Irkutsk and 
Nemuro in winter and represents the strength of the EAWM. Hirose and 
Fukudome (2006) also found that the Japan Sea SST in winter 
(November–January) exhibited a significant correlation with winter 
precipitation on the Japan Sea side (R2 = 0.82). This relation occurs 
because the high SST of the Japan Sea increases evaporation from 
seawater, which is the supply source of winter snow/rainfall to Japan. In 
the Northwest Pacific and East Asia, the land–sea thermal contrast is a 
driving force behind both the EASM and EAWM. As described above, the 
proportion of winter/summer precipitation is more variable in the 
Ohtaki region and the proportion is largely dependent on winter pre-
cipitation. Cooling of the land area results in increased winter precipi-
tation and decreased annual average δ18OMW values in Ohtaki. This is 
likely the reason for the apparently larger temperature dependency of 
meteoric water δ18OMW expressed by a (0.18 ‰/◦C) in the Ohtaki 
region. 

5.7. Paleoprecipitation history

In Section 5.4, we raised an assumption that the changes in cave 
temperature were arising from interactions between the warmer season 
and the colder season of year. In Japan, summer and winter climates are 
characterized by the EASM and EAWM winds, respectively (Fukui, 
1977). Generally in the Pacific side of Japan except for south-west 

Fig. 6. Relationship between monthly and annual mean temperatures in (a) Nagataki and (b) Yuki based on data for the period 1981–2020. Black lines show 
standard deviations in monthly mean temperature (1σ). Dashed lines show the correlation coefficient (R) between monthly and annual mean temperatures. Gray lines 
show the impacts of monthly temperatures on the annual average (◦C /◦C). 
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islands, winter rain/snowfall has a δ18OMW value more nagtive than 
summer rainfall with two peaks of δ18OMW in spring and autumn 
(Tanoue et al., 2013). This pattern was also observed in Nagataki and 
typically in Yuki (Figs. 2c and d). Changes in summer and winter du-
rations might therefore affect the precipitation balance between summer 
and winter which are intimately connected to EASM and EAWM winds, 
and consequently determine the annual average of δ18OMW value. Based 
on this assumption, paleometeoric water should have a more negative 
δ18OMW value in colder periods and a less negative δ18OMW value in 
warmer periods. However, the relation between EASM and EAWM is not 
simple as stated below. Previous paleoclimatic studies have indicated 
numerous relationships between the intensities of EASM and EAWM: an 
inverse correlation (Xiao et al., 1995; Yancheva et al., 2007; Liu et al., 
2009), a positive correlation (Zhang and Lu, 2007), and both positive 
and inverse correlations depending on the period and timescale con-
cerned (Steinke et al., 2011; Ge et al., 2017), although these studies were 
performed from the Tibetan–Chinese continental regions and sur-
rounding seas. Recently, Yan et al. (2020) presented simulation results 
to investigate the relationship between time series changes in EASM and 
EAWM, showing that their intensities are positively correlated at orbital 
timescale due to seasonal insolation forcing but are negatively corre-
lated over multidecadal to millennial timescales, primarily as a result of 
internal variability in the Atlantic Meridional Overturning Circulation 
and its subsequent teleconnection to East Asia via land–sea thermal 
contrasts. 

Focusing on climatic changes at the centennial–millennial timescale, 
i.e., HSs and Hypsithermal warming, the results of our meteoric water 
δ18OMW and Δ18OMW− SW reconstruction are consistent with the 
assumption of a more negative δ18OMW value in colder periods, such as 
HSs and the period of cooling around 7 ka, and less nergative in warmer 
preiods (Fig. 4e). This is consistent with the assumption in Section 5.4 
that the longer durations of the warmer season and higher amounts of 
EASM rainfall increased the average δ18OMW value in the Hypsithermal 
warm period. By contrast, it is presumed that EAWM brought a higher 
amount of snow and rainfall during the long colder season to Ohtaki 
Cave during HSs. The Hypsithermal (also known as the Holocene cli-
matic optimum) is a warming period in northern mid to high latitudes 
(Wanner et al., 2008) that was commonly defined by the peak of EASM 
rainfall in Chinese continental regions (An et al., 2000). In Chinese 
continental regions, Heinrich stadials (HSs1–6) were involved in the 
EAM changes, the weak EASM, and the strong EAWM (Porter and An, 
1995; Wang et al., 2001; Song et al., 2018). In comparison with the 
results from Chinese continental regions, our estimation results of higher 
amounts of EASM rainfall in the Hypsithermal warm period and higher 
amounts of EAWM snow/rainfall during HSs in the Ohtaki region appear 
credible. Although our results are based on changes in EASM/EAWM 
durations rather than their strengths, the intensity and duration of EASM 
are found to be positively coreretive in China in recent decades (Li et al., 
2021). It is realistic to believe that the duration and strength of EASM/ 
EAWM are positively related at the centennial–millennial timescale. The 
strong and/or long-lasting EAWM in Heinrich stadial results in a dry 
winter in Chinese continental regions (Porter and An, 1995; Wang et al., 
2001; Song et al., 2018). However, EAWM is an important moisture 
source for Japan in the winter. We presume that the strong and/or long- 
lasting EAWM would result in a wet winter in the Japan Sea side in HSs. 
However, only a few prior investigations from Japan have reported 
terrestrial climatic records in HSs. Nakamura et al. (2013) performed 
stratigraphic analyses of acoustic records of sediments in Lake Nojiri, the 
Japan Sea side of central Japan (Fig. 1b) where winter snowfall accounts 
for approximately 30% of annual precipitation. They revealed lake level 
fluctuation during the past 45,000 years and found eight sets of rising 
and falling levels, although their results contain large dating errors of 
±1000–15,000 years. They also found that peaks of lake level corre-
sponded to cold climate stages such as HSs1–4 and the Younger Dryas. 
They presumed that lake level rises were caused by increased snowfall 
from an enhanced winter monsoon (EAWM). Light blue vertical bands in 

Fig. 4 indicate the periods of peak lake level in Nojiri identified by 
Nakamura et al. (2013). Unfortunately, the record of Nakamura et al. 
(2013) does not include older HSs5–6, for which particularly negative 
Δ18OMW− SW values were reconstructed from OT02 (Fig. 4e). However, 
the durations of high lake level periods in Nojiri seem to correspond to 
the periods of colder temperature and more negative Δ18OMW− SW values 
(HS4 and a temporal cooling around 7 ka). Increased precipitation from 
EAWM was likely also bought into the Ohtaki region and caused a 
decrease in the annual average of Δ18OMW− SW during these cold stages. 

As described here, changes in the amount ratio of summer (warmer 
season) and winter (colder season) precipitations from EASM and 
EAWM caused the divergence in Δ18OMW− SW values in the Ohtaki re-
gion, although the temperature dependency of the fractionation be-
tween seawater and meteoric water (as discussed in Section 5.6) also 
accounts for the relationship between temperature and Δ18OMW− SW. The 
relation that less/more negative meteoric δ18OMW in warmer/colder 
climate stages is the opposite to the conventional assumption that 
meteoric δ18OMW becomes more/less negative in warm–humid/cold–-
dry climates due to the so-called “amount effect.” 

As described in Section 5.1, precipitation from EAWM is minor in the 
region of Maboroshi Cave. We suggest that a strong EAWM and weak 
EASM during cold periods caused the dry conditions of Maboroshi Cave, 
which might have resulted in the interruptions of the growth of Hiro-1 
and KIE disturbance of Hiro-1 records (Figs. 4b and d). 

6. Summary

We analyzed carbonate clumped isotopes (Δ47) of the OT02 stalag-
mite from Ohtaki Cave and revealed changes in terrestrial temperature 
and meteoric δ18O. The average Δ47 temperature of the Holocene 
portion (16.3 ◦C, 8.8–2.6 ka) is 6.6 ◦C higher than that of the latest 
Pleistocene portion (9.7 ◦C, 63.5–34.8 ka). Decrease in Δ47 temperature 
correspond to HSs and are approximately 3 ◦C–5 ◦C. We presume that 
higher cave temperatures of 19.9 ◦C ± 6.0 ◦C observed during the 
middle Holocene (5.4–3.8 ka of OT02) were induced by longer high 
summers and shorter winters than at present, accompanied by the 
Hypsithermal warm climate optimum. 

We also reconstructed two indices of meteoric oxygen isotopes, 
δ18OMW and Δ18OMW− SW, by subtracting the temperature effect from 
δ18OOT02 and Δ18OOT02− SW. The averaged δ18OMW and Δ18OMW− SW 
values through the Holocene (8.8–2.6 ka) portion are less negative than 
those of the latest Pleistocene (63.5–34.8 ka) portion. Focusing on cli-
matic changes at centennial–millennial timescale, Δ18OMW− SW values 
(and accordingly δ18OMW values) were more negative in colder periods, 
such as HSs and the cooling event around 7 ka, and less negative in 
warmer periods such as the Hypsithermal. These relationships indicate 
the coevolution of terrestrial paleotemperature and paleoprecipitation. 
Increased precipitation brought by EASM has likely increased the 
average δ18OMW in warmer periods such as the Hypsithermal, whereas 
increased precipitation brought by EAWM has decreased the averaged 
δ18OMW in colder periods such as HSs. Besides, we presume that seasonal 
precipitation distributions are also affected by global warming/cooling 
conditions; during periods of global warming, long-lasting EASM brings 
more precipitation to the Pacific side of Japan. However, long-lasting 
EAWM brings more rain/snowfall to the Japan Sea side during periods 
of global cooling. 

Hence, we revealed a trend of more/less negative meteoric δ18OMW 
in warmer/colder climate stages. This trend is the opposite of that 
assumed in conventional stalagmite paleoclimate studies, which suggest 
that meteoric δ18OMW becomes more negative in warm–humid climates 
due to the “amount effect.” Our results also do not follow previous in-
terpretations that variation in meteoric δ18OMW values is the dominant 
controlling factor of stalagmite δ18O value. In our study regions, major 
factors determining the average δ18OMW value are 1) the proportion 
between summer and winter precipitation and 2) the temperature de-
pendency of the fractionation from seawater to meteoric water. 
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Additionally, 3) seawater δ18OSW change (Δ18OSW) at orbital scales also 
influences δ18OMW. These effects occur due to the hydrological setting in 
Japan in which moisture is brought from surrounding seas. Factor 1 is 
related to climatic stages on centennial scales, which is also deeply 
related to terrestrial temperature. Besides these three factors controlling 
δ18OMW, 4) temperature-dependent fractionation at the time of stalag-
mite deposition (FTwater–stalagmite) is an important control on stalagmite 
δ18OC (approximately − 0.19− − 0.20‰/◦C). These temperature effects 
on δ18OMW (0.18‰/◦C of facors 1 and 2) and δ18OC (factor 4) are, 
however, in opposite directions and the negative influence of tempera-
ture on δ18OC (factor 4) exceeds the information available for past 
δ18OMW. This explains the small amplitude of δ18O change in Japanese 
stalagmites (Mori et al., 2018; Kato et al., 2021) and has complicated the 
interpretation of stalagmite δ18OC records using only conventional 
methods of stalagmite climatology depending only on δ18O analysis. 
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