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Abstract 

Stalagmites are useful archives in reconstructing paleoclimates: most paleoclimate studies used stalagmites that are 
distributed in specific locations and ages. We examined a stalagmite (GYM-1) collected from Nara Prefecture, cen-
tral Japan, where limestone areas are limited. Applying 238U–234U method, the ages of GYM-1 were determined 
as 744 ± 70 to 677 ± 74 ka (based only on analytical uncertainties, 1σ). Even assuming a 10% uncertainty in the initial 
activity of 234U/238U, (234U/238U)0, this age could be still older than 460 ka. Temperatures calculated based on δD 
in the fluid inclusions and δ18O in the calcium carbonate ranged from 9.0 to 11.9 °C (10.8 ± 0.9 °C on average) 
or from 6.0 to 9.1 °C (7.9 ± 0.9 °C on average) depending on the equation. The estimated temperature suggests 
that GYM-1 formed during an interglacial period of the Middle Pleistocene. Synchronous behavior of isotopic values 
with lamination likely reflects seasonal temperature in a highly ventilated cave system.
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Introduction
Stable oxygen isotopic records of stalagmites are use-
ful for reconstructing terrestrial paleoclimates, particu-
larly from the Late Pleistocene to Holocene (e.g., Wang 
et  al. 2001; Genty et  al. 2003; Yuan et  al. 2004; Dykoski 
et al. 2005). The thorium-230 (230Th) method provides a 

significant advantage for stalagmites by minimizing the 
dating uncertainty (~ 1%, Shen et  al. 2012; Cheng et  al. 
2013). However, 230Th dating is only applicable for speci-
mens formed within the last 650 kyr because the activi-
ties of 234U and 230Th reach near their equilibrium. The 
limitation of the dating method results in the restriction 
of climate records from older stalagmites. Thus, the ter-
restrial climate in the Early and Middle Pleistocene is 
rarely supported by stalagmite records.

Stalagmite records in Japan are limited, especially from 
the mainland (e.g., Shen et  al. 2010; Sone et  al. 2013; 
Mori et al. 2018), which are all younger than 100 ka. To 
approach the geochemical record of the Middle Pleis-
tocene and evaluate isotopic alteration during extended 
preservation, we applied 238U–234U dating to a stalag-
mite (GYM-1) collected in Nara Prefecture, central 
Japan. We also analyzed the stable isotopes in calcium 
carbonate and fluid inclusions in GYM-1 to estimate the 
paleo-temperature.

*Correspondence:
Masako Hori
horizon@cc.osaka-kyoiku.ac.jp
1 Natural Sciences, Osaka Kyoiku University, 4-698-1, Asahigaoka, 
Kashiwara City, Osaka 582-8582, Japan
2 Graduate School of Environmental Studies, Nagoya University, Furo-Cho, 
Chikusa-Ku, Nagoya 464-8601, Japan
3 GEOTOP, Université du Québec à Montreal, CP 8888 Succ. Centre-Ville 
H2X 3Y7, Montréal, QC, Canada
4 Atmosphere and Ocean Research Institute, The University of Tokyo, 
5-1-5, Kashiwanoha,  Kashiwa City, Chiba 277-8564, Japan
5 Marine Core Research Institute, Kochi University, 200, Monobe, Nankoku 
City, Kochi 783-8502, Japan
6 Graduate School of Science, The University of Tokyo, 7-3-1, Hongo, 
Bunkyo-Ku, Tokyo 113-0033, Japan

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40562-024-00357-3&domain=pdf
http://orcid.org/0000-0001-8650-3861


Page 2 of 7Sakai et al. Geoscience Letters           (2024) 11:41 

Sample location
Goyomatsu cave is located in Tenkawa village, central 
Nara Prefecture, on the Kii Peninsula, Japan (34.26° N, 
135.89° E; Fig. 1a,b). The geology of this region belongs 
to the Chichibu Composite Belt, an accretionary 

complex developed from the Carboniferous to the 
Jurassic. The limestone bearing caves are Permian in 
age, poor in fossils, and have largely transformed into 
marble owing to the penetration of Neogene igneous 
rocks. The modern climate at the Tenkawa Observatory 

Fig. 1 a Location of Goyomatsu cave on a wide-area map of Japan and (b) in the Kii Peninsula. The dashed counter represents the δ18O of rainwater 
after Ishizuka et al. (2006). c The modern monthly air temperature estimated from the record at Gojo Observatory and rainfall amount at Tenkawa 
Observatory. d The cut surface of the stalagmite, GYM-1, used for low-resolution (1 mm) analysis. The horizontal bars with letters and numbers 
(A1–A5, B2–B3, and C1) represent the positions for the fluid inclusion analyses (see Table S2). White line squares represent the positions for age 
determination. e Another cut surface of GYM-1 showing areas (black line squares) for high-resolution (~ 0.1 mm) analysis and f, g enlarged images
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is temperate. Annual precipitation is 2500  mm (aver-
age from 1991 to 2020; available at https:// www. data. 
jma. go. jp/ gmd/ risk/ obsdl/ index. php), where 50% of 
the annual precipitation occurs from June to Septem-
ber (Fig.  1c). The monthly air temperature at the cave 
site ranges from – 1.4 to 22 °C, with an annual average 
of 9.8 °C, based on the altitudinal effect (0.6 °C/100 m) 
for the observation at Gojo Observatory, located 21 km 
northwest of Goyomatsu cave.

Goyomatsu cave has two floors with multiple 
entrances. We collected a 40-cm-long specimen (GYM-
1; Fig. 1d–g) approximately 15 m inside from the cave 
entrance on the lower floor in July 2018. GYM-1 is 
characterized by a finely laminated structure with light 
porous and dark transparent layers under reflected 
illumination (Fig.  1f,g). Dripwater samples were col-
lected from two stalactites a few meters apart from the 
GYM-1 site. One liter of a dripwater sample was col-
lected from each stalactite for one month in February 
2018 when the cave was closed to tourists.

Methods
Dating
The stalagmite was cut into halves along the growth 
direction; the cut surface was polished. The 230Th and 
238U–234U dating was performed at GEOTOP, Univer-
sité du Quebec à Montréal. We cut cubic specimens 
of approximately 1 g each from the top and bottom of 
the stalagmite (Fig.  1d). Two dripwater samples col-
lected near the stalagmite sites were analyzed to obtain 
the (234U/238U)0 activity ratio. Dripwater samples were 
filtered through a 0.22 μm membrane filter and sealed 
in PFA bottles. Chemical separation and purification 
were performed using AG1X8 anion exchange resin 
(Bio-Rad) and U-Teva resin (Elchrom  industry™), fol-
lowing the methods described in Pons-Branchu et  al. 
(2005) and Ghaleb et al. (2019). The isotopic composi-
tions of the purified U and Th fractions were analyzed 
using a multi-collector inductively coupled plasma 
mass spectrometer (MC-ICP-MS, Nu II  instrument™) 
at GEOTOP.

Assuming that the dripwater 234U/238U activity was the 
initial 234U/238U activity, (234U/238U)0, when the stalag-
mite was deposited, the ages were calculated as follows:

where (234U/238U)t is the current 234U/238U activity of 
the stalagmite and λ234 represents the decay constant of 
234U (2.8221 ×  10–6  yr–1, Cheng et al. 2009; 2013). Dating 
errors were calculated based on the law of propagation of 
error, as well as on the uncertainty of (234U/238U)0.

(1)
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exp (−�234t),

Stable isotopic analyses
Two different resolutions of the carbonate samples were 
prepared for oxygen and carbon stable isotopic analy-
ses. For low-resolution analysis, 100 μg of each powdered 
specimen was collected at 1 mm intervals along the growth 
axis. The powder specimens were analyzed using a contin-
uous-flow IRMS (MAT Delta Plus, Finnigan) connected to 
a carbonate pretreatment device, Gas Bench, at the Uni-
versity of Tokyo. Powder carbonate samples were reacted 
with purified phosphoric acid in a helium-controlled 
atmosphere at 60  °C and maintained for more than 5  h. 
For high-resolution analysis, 60 μg of each powder speci-
men was collected at approximately 0.1  mm intervals for 
clearly laminated positions (Fig. 1e–g) under a high-vision 
microscope (TGM200XM, Shodensha Inc.). The powder 
specimens were analyzed using a dual-inlet IRMS (MAT 
253, Finnigan) connected to a pretreatment device (Kiel 
carbonate device, Finnigan) at Kochi University. Samples 
were reacted with phosphoric acid under vacuum at 70 °C. 
The isotopic ratio was expressed in δ notation relative to 
the Vienna Peedee Belemnite (VPDB). The reproducibil-
ity of the isotopic ratio was better than 0.1‰ for δ13C and 
0.1–0.2‰ for δ18O (1σ) on the MAT Delta Plus, whereas 
it was better than 0.1‰ for δ13C and 0.05‰ for δ18O (1σ) 
on the MAT 253. We also prepared thin sections from the 
cut specimen at the same positions for the high-resolution 
analyses.

Ten sections  16 × 16   mm2 in area and 2  mm in depth 
were cut from GYM-1 (Fig. 1d) for the isotopic analysis of 
fluid inclusions. Isotopic values were analyzed using cav-
ity ring-down spectroscopy (CRDS, L2140-i, Picarro Inc.), 
coupled with an extraction device at Nagoya University, 
following a continuous standard water background method 
(de Graaf et al. 2020). Eight sections containing more than 
0.2  μL of water were adopted for isotope measurements. 
The isotopic values of the water samples were expressed 
relative to the international reference, VSMOW. The 
reproducibility was better than ± 0.2 and ± 0.6‰ for δ18O 
and δD, respectively, (1σ). The δ13C and δ18O in  carbon-
ate fraction of the same eight sections were also analyzed 
by a continuous-flow IRMS (Delta V Advantage, Thermo 
Fisher Scientific, Inc.) connected to a carbonate pretreat-
ment system (Gas Bench II, Thermo Fisher Scientific, Inc.) 
at Nagoya University. The isotopic measurements were 
performed in triplicate, providing standard deviations for 
the mean (1σ/√n) better than 0.1‰ for both carbon and 
oxygen. Among the several equations for oxygen isotope 
fractionation, we adopted two equations: (Coplen 2007; 
Tremaine et al. 2011).

(2)
1000× ln αCaCO3−H2O = 17.4 × 1000/(t−273.15)−28.6

https://www.data.jma.go.jp/gmd/risk/obsdl/index.php
https://www.data.jma.go.jp/gmd/risk/obsdl/index.php
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and

where αCaCO3-H2O represents the oxygen isotopic frac-
tionation factor between water and calcium carbonate.

Results and discussions
Timing of stalagmite formation
The two samples collected at the bottom and top of 
GYM-1 examined for 230Th dating showed 230Th/234U 
activity ratios exceeding 1 (1.07–1.10, Table  S1 and 
Fig. 2a), likely due to selective uranium loss during dia-
genetic alteration, such as recrystallization (Lachniet 
et  al. 2012; Bajo et  al. 2012). Uranium loss causes seri-
ous dating errors for the 230Th and/or U–Pb method 
depending on the timing of uranium escape; however, 
it does not affect the 238U–234U method because U dis-
solution and leaching would not involve 234U/238U frac-
tionation. We estimated the initial 234U/238U ratio of 
GYM-1, (234U/238U)0, by measuring the two dripwater 
samples (234U/238U of ~ 1.2, Table S1). Applying the mean 
ratio of the two dripwater samples as (234U/238U)0, the 
ages of GYM-1 were calculated as 744 ± 70 ka (1σ) for the 
bottom and 677 ± 74 ka for the top (Fig. 2b). As a result, 
the two dates overlapped within mutual errors, making it 
impossible to obtain further age constraints.

We also considered the uncertainty of (234U/238U)0, 
which significantly affects the dating error. A previous 
study on an Italian stalagmite showed the relative stand-
ard deviation (RSD) in (234U/238U)0 as 4% (1σ) during 
100 kyr (Bajo et al. 2012), while another specimen from 
the same cave showed a relatively constant (234U/238U)0 
ratio of 0.5% (1σ) for the last 16  ka (Bajo et  al. 2016). 
Another study on a travertine deposit (carbonate pre-
cipitate from hydrothermal water) showed 10% (1σ) 
RSD of (234U/238U)0 used for the age construction for 
the last 300 ka (Ghaleb et al. 2019). Similar range of RSD 
in (234U/238U)0 was also estimated from the stalagmites 
formed in mainland Japan (1–5%, Shen et al. 2010; Sone 
et al. 2013; Mori et al. 2018). Applying the largest uncer-
tainty of (234U/238U)0 reported in previous studies (10%) 
to GYM-1, the dating errors were ± 220 and ± 219 ka (1σ) 
for the top and bottom, respectively. Even in this case, the 
age of GYM-1 ranged from 456 to 963 ka. This age range 
does not contradict the 230Th/234U activity ratio, which 
was similar to the secular equilibrium (~ 1, Table S1).

Formation temperature
The low-resolution δ18O values of  CaCO3 (δ18Occ) in 
GYM-1 ranged from – 8.2 to – 6.4‰ with an average of 
– 7.3‰ (Fig. 3). The δ13C of  CaCO3 (δ13Ccc) ranged from 
– 9.7 to – 5.6‰ with an average of – 7.9‰. Eight pairs of 

(3)
1000× ln αCaCO3−H2O = 16.1× 1000/(t−273.15)−24.6

δ18O values from  CaCO3 and fluid inclusions (δ18Occ and 
δ18Ofi, respectively) were applied to the equations from 
Coplen (2007) and Tremaine et al. (2011). The resulting 
temperatures (T) ranged from 6.5 to 11.3 °C (9.3 ± 1.7 °C 
on average) and 3.4 to 8.5  °C (6.4 ± 1.8  °C on average), 
respectively.

The analyzed δDfi and δ18Ofi values yielded a high 
d-excess (14.3 to 19.9‰; the intercept of the mete-
oric water line, MWL, Table  S2) compared to the 

Fig. 2 a 230Th/238U and 234U/238U in the classic isotope evolution 
diagram. b Evolution of the 234U/238U activity with a 234U/238U0 value 
of 1.203 ± 0.034 (1σ). Shaded zone represents uncertainties: the dark 
shade represents 1σ standard deviation calculated from the analytical 
uncertainties (Table S1); bright shade and the intermediate represent 
ranges calculated for 10% and 4% deviations in (234U/238U)0, 
respectively. Thick error bars represent the 1σ standard deviation, 
while thin error bars were estimated from 10% deviations 
in (234U/238U)0. The last 1000 ka δ18O record of benthic foraminifera 
(LR04 stack; Lisiecki and Raymo 2005) is also shown. Numbers 
indicate MIS stages (Railsback et al. 2015)
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modern value (~ 14.2‰, Ishizuka et  al. 2006, Fig. S1). 
This high d-excess may result from a shift in the local 
MWL (LMWL) or post-depositional alteration of δ18Ofi 
(Demény et al. 2016; Uemura et al. 2020). The latter can 
occur during the isotopic exchange between water and 
 CaCO3, where the amount of oxygen in fluid inclusions 
is overwhelmed by a large amount of oxygen in the sur-
rounding  CaCO3. Such isotopic exchange does not affect 
the δDfi values due to the absence of hydrogen in the sur-
rounding matrix. Here, the unaltered δ18Ofi values were 
estimated from the δDfi values using the relationship in 
the modern LMWL (δD = 8.1 × δ18O + 14.2, Ishizuka et al. 

2006). Comparing measured δ18Ofi and unaltered δ18Ofi, 
cut specimens, A2 and C1, showed similar values, while 
4 sections, A1, A3, A4, and B2, showed different values 
(Fig. 3c). This may indicate the heterogeneous alteration 
of fluid inclusions in GYM-1. The optical image of the 
stalagmite showed a structural shift at 14  cm from the 
top: white layer in upper half and relatively compact and 
translucent layer in bottom half (Fig.  1d), which is not 
correlate with the difference between measured δ18Ofi 
and unaltered δ18Ofi. In addition, the LMWL include 
some uncertainties as seen in modern meteoric waters 
that show dispersive isotopic values (Fig. S1). Therefore, 
the precise degree of δ18Ofi alteration and its relationship 
with the local structure was difficult to be solved. Using 
unaltered δ18Ofi, the recalculated temperature (T’) falls 
within a narrow range from 9.0 to 11.9  °C (10.8 ± 0.9  °C 
on average) for Coplen et  al. (2007), and from 6.0 to 
9.1 °C (7.9 ± 0.9 °C on average) for Tremaine et al. (2011) 
(Fig.  3). According to the results, we considered that T’ 
based on δDfi and modern LMWL better represents the 
past temperature. In either case, the post-depositional 
alteration of δ18Ofi in GYM-1, if present, was not signifi-
cant because the difference between T and T’ was smaller 
than the difference produced by the equations.

The estimated temperate temperature, similar to the 
modern climate, suggests GYM-1 likely formed during 
an interglacial period. Considering the dating error and a 
10% uncertainty in (234U/238U)0, potential growth period 
includes MISs 13, 15, 17, 19, 21, 23, and 25 (Fig. 2).

High‑resolution isotopic record and the effect 
of ventilation
The high-resolution δ18Occ analyzed for two selected 
positions (~ 3.5 and 9.3  mm from the top; Fig.  1e) in 
GYM-1 varied from – 7.8 to − 6.6‰ (– 7.3‰ on aver-
age) and from –  8.3 to–7.2‰ (–  7.8‰ on average) 
with a mean amplitude of 0.4 and 0.6‰, respectively 
(Fig.  4). A similar pattern was observed in δ13Ccc, 
which showed a greater amplitude of approximately 
2.0‰. The δ18Occ and δ13Ccc values changed together 
in a cyclic manner and were significantly correlated 
with each other  (R2 = 0.39). Isotopic changes were 
roughly coincident with the texture of GYM-1: rela-
tively high values occurred at thick laminae enriched 
in needle-like pores, whereas low values were at thin 
and transparent laminae (Fig. 4). Similar features have 
been reported for fast-growing stalagmites formed 
in caves affected by ventilation (Mattey et  al. 2010; 
Boch et al. 2011). The cave morphology and the sam-
ple proximity to the cave entrance (15  m) supports 
well-ventilated system. Ventilated conditions raise 
the growth rate of a stalagmite by accelerating  CO2 
degassing from the dripwater, providing a possibility 

Fig. 3 Low-resolution records of the (a) δ18Occ and (b) δ13Ccc values 
in GYM-1. Squares represent the isotopic values in eight sections. 
Vertical error bar represents the standard deviation of the mean 
(2σ/√n), while horizontal error bar represents ± 5 mm. c Measured 
and unaltered δ18Ofi were used to obtain (d) temperatures, T (open 
symbol) and T’ (closed symbol), respectively. Circle and triangle 
symbols represent temperatures calculated for Coplen (2007) 
and Tremaine et al. (2011), respectively. Vertical error bar represents 
1σ, while horizontal error bar represents ± 5 mm
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of extracting seasonal temperatures. According to the 
linear relationship between T’ and δ18Occ (Fig, S2), 
temperature can be roughly estimated from δ18Occ. 
In this case, the high-resolution δ18Occ correspond 
to temperatures from 9.0 to 14.0  °C or from 6.3 to 
11.4  °C, depending on the equation, with a relatively 
constant amplitude of 2–3 °C. This range is reasonable 
for the cave air temperature. Although dry air fed by 
ventilation can raise oxygen isotopic fractionation due 
to evaporation, this effect is minimized when drip rate 
is sufficiently high (Rampelbergh et al. 2014; Feng et al. 
2014). The synchronous change in δ18Occ and δ13Ccc in 
GYM-1 primarily reflects the annual changes in tem-
perature and partial pressure of  CO2 in the cave air, 
which tend to be high in summer and low in winter.

Conclusions
Stalagmites older than 650  ka are challenging owing to 
the increasing risks of alteration, in addition to the dif-
ficulties in applying 230Th dating methods. We analyzed 
a well-laminated stalagmite (GYM-1) collected at Goyo-
matsu Cave, Nara Prefecture, central Japan. Two ages for 
the top and bottom of the stalagmite were determined by 
238U–234U methods as 744 ± 70 and 677 ± 74  ka, respec-
tively (where errors are based only on analytical uncer-
tainties, 1σ). Even when accounting for a 10% uncertainty 
in (234U/238U)0, GYM-1 could be older than 460 ka, indi-
cating that GYM-1 is concurrently the oldest among 
dated stalagmites in Japan. In this study, we could only 
obtain two ages to estimate the timing of GYM-1 forma-
tion. Further U-series analyses on multiple portions from 
the stalagmite would help evaluate the U-loss during the 
preservation and the initial 234U/238U variations dur-
ing the growth period. The temperature estimated from 
δ18Occ and δDfi ranged from 9.0 to 11.9 ºC or from 6.0 to 
9.1 ºC, similar to the modern climate. The high-resolution 
isotopic analysis of GYM-1 showed synchronous behav-
ior of the δ18Occ and δ13Ccc values with the lamination, 
suggesting that GYM-1 formed in a ventilated system. If 
the isotopic equilibrium can be established, GYM-1 is a 
potential stalagmite recording the seasonal temperature 
in the interglacial stages of the Middle Pleistocene.
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