'.) Check for updates

Island Arc WI LEY

| RESEARCH ARTICLE CEIEED

Holocene Temperature Trend Inferred From Oxygen
and Carbonate Clumped Isotope Profiles of a Stalagmite
Collected From a Maritime Area of Central Honshu, Japan

Akira Murata! ¢ | Taiki Mori? | Hirokazu Kato®® | Hsun-Ming Hu** | Chuan-Chou Shen** | Ryoko Senda® |
Kenji Kashiwagi’ | Akihiro Kano!

!Department of Earth and Planetary Science, Graduate School of Science, The University of Tokyo, Bunkyo-ku, Japan | 2Solution center, Chuo Kaihatsu
Corporation, Kawaguchi, Japan | 3Faculty of Education and Human Science, Teikyo University of Science, Adachi-ku, Japan | *High-Precision Mass
Spectrometry and Environment Change Laboratory (HISPEC), Department of Geosciences, National Taiwan University, Taipei, Taiwan, ROC | SResearch
Center for Future Earth, National Taiwan University, Taipei, Taiwan, ROC | ®Graduate School of Social and Cultural Studies, Kyushu University, Fukuoka,
Japan | 7Faculty of Science, Toyama University, Toyama, Japan

Correspondence: Akira Murata (murakirasep@g.ecc.u-tokyo.ac.jp)
Received: 23 May 2024 | Revised: 18 November 2024 | Accepted: 6 December 2024

Funding: This study was supported by the Grant-in-Aids to Akihiro Kano (20H00191 and 23K17696) and Hirokazu Kato (24K07132) from the Ministry
of Education, Culture, Sports, Science and Technology. U-Th dating was supported by research funds to Chuan-Chou Shen from the National Science and
Technology Council, Taiwan (110-2123-M-002-009, 111-2116-M-002-022-MY3, and 111-2926-1-002-510-G), from Higher Education Sprout Project of the
Ministry of Education, Taiwan (1120901001 [C.-C.S.]), and National Taiwan University (1121.894202).

Keywords: carbonate clumped isotope | Holocene | oxygen isotopes | paleoclimate | stalagmite

ABSTRACT

The Holocene has been extensively researched concerning past climates, and various proxy records have provided informa-
tion on temperature changes during this period. Many studies have found a period of elevated temperatures during the Middle
Holocene, known as the Holocene Thermal Maximum (HTM). However, the exact timing of this warm period varies depending
on the region. Here, we investigate a stalagmite collected from Kiriana Cave, which covers two intervals: 13.7-12.4 and 10.4-1.16
thousand years ago (ka before 1950 AD). In previous studies at this cave site, the meteoric water 8'®0 is not sensitive to the
precipitation amount and the seasonality of precipitation but follows the seawater §'80. By using these assumptions of the me-
teoric water 8'80, the paleo-temperature was quantitatively reconstructed from the stalagmite §'%0 and the carbonate clumped
isotopes. These paleoclimatic proxies indicated that the temperature at the cave site significantly changed during the Holocene.
Based on the records of the stalagmite §'80, the HTM occurred between 10.9 and 6.7 ka, reaching its peak temperature (15.0°C)
around 7.0ka. At this time, temperatures were approximately 3°C warmer than present. The timing of the warm interval aligns
closely with marine temperature records but is notably earlier than terrestrial records from Europe and North America. Cooling
began at 6.5ka, and the decreased temperature stabilized in an interval between 6.0 and 4.5ka. The temperature decreased
further to the lowest value (~10.0°C) at 3.0ka. After this cooling maximum, the climate gradually became warm until the stalag-
mite stopped growing at 1.16 ka. Our Holocene temperature reconstruction is consistent with the temperature and palaeoceano-
graphic records obtained from reef corals and marine sediments in and around the Japanese Islands in terms of the amplitude of
change, warm middle Holocene, and cool late Holocene.
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1 | Introduction

Stalagmite-stable oxygen isotope ratio (§'30) records have sig-
nificantly contributed to our understanding of late Pleistocene
and Holocene paleoclimatology, becoming a global standard
for terrestrial climate change (Cheng et al. 2016; Walker
et al. 2018). The 880 profiles of Chinese stalagmites have re-
vealed that millennial-scale oscillations correlated with the
changes in ice-sheet 8'%0 records (Wang et al. 2001), along
with a long-term trend broadly corresponding to summer solar
insolation in Northern Hemisphere (Wang et al. 2008). The
linkage between climate and stalagmite §'80 has been largely
attributed to the 8'80 of local meteoric water. Temperature
plays a subsidiary role in controlling stalagmite §'®0 and does
not fully explain the large amplitude of the change observed
in the Chinese stalagmites. For example, the lowered §'%0
signals in the mid-Holocene likely resulted from a decreased
meteoric water 8'80, rather than an increased temperature
(Wang et al. 2001, 2008).

The climatic factor driving the decreased meteoric water §'80
in China remains controversial. One popular interpretation
is the amount effect, where heavy rainfall generally leads to
lower 880 signals. According to this viewpoint, the intensi-
fied East Asian summer monsoon (EASM) during the mid-
Holocene increased precipitation amounts and decreased
meteoric water 880 (e.g., Wang et al. 2001, 2008; Cheng
etal. 2016). An alternative interpretation considers the relative
contribution of '®0-enriched moisture from the EASM and
180-depleted moisture from the Indian monsoon (e.g., Pausata
et al. 2011; Liu et al. 2014; Wang et al. 2014; Yang et al. 2014).
Additionally, previous studies in Europe, the United States,
and Japan have proposed other potential controls to the me-
teoric water 8'80, such as a change in moisture recycling over
land (Baker et al. 2019), soil water evaporation in dry climate
zones (Fairchild et al. 2006), and the water 880 of moisture
source (Bar-Matthews et al. 2003; Amekawa et al. 2021). The
global meteoric water database suggested that the distance
from the coast and the air temperature are also important fac-
tors for the meteoric water §'%0 (Dansgaard 1964; Rozanski,
Araguds-Araguds, and Gonfiantini 1993).

Views on stalagmite 880 were re-examined by the records
from maritime Japan, located in the eastern part of the Asian
monsoon region beyond the influence of the Indian monsoon
(Shen et al. 2010; Hori et al. 2013; Mori et al. 2018). Japanese
stalagmites display temporal patterns of the 80 signals sim-
ilar to those of the Chinese records but with unique features.
The most distinct difference from the Chinese records lies in
the amplitude of the changes (Kano, Kato, and Murata 2023).
The Japanese stalagmite 8§80 profiles show a clearly smaller
amplitude compared with the Chinese stalagmites. For exam-
ple, the 8130 shift from the last glacial maximum (LGM) to the
mid-Holocene is ~5%. in China, but only ~2%. in Maboroshi
Cave in Hiroshima (Hori et al. 2013) and less than 3%o in
Kiriana Cave in Mie Prefectures (Mori et al. 2018). Another
feature is the similarity with the 8'80 trend of the seawater,
as demonstrated by the long-term trend of the Kiriana stalag-
mite, KAO03, for the last 84kyr (Mori et al. 2018). This is rea-
sonable because seawater is the dominant moisture source for
maritime Japan. The shift of the seawater 8§80 corresponds

to ~40% of the shift of the stalagmite §'80 between LGM and
mid-Holocene of KA03. The remaining 1.8%. in the differ-
ence can be accounted for by a 9°C increase in temperature
(Mori et al. 2018), consistent with paleoclimate studies using
stalagmites, lake deposits, and marine deposits around the
Japanese Islands (Nakagawa et al. 2002; Kawahata, Ohshima,
and Kuroyanagi 2011; Kigoshi et al. 2014; Uemura et al. 2016;
Kato et al. 2021, 2023). Thus, the stalagmite §'%0 record from
Kiriana Cave was likely a superimposed signal of variations
in the air temperature and the seawater 8'80, rather than the
climate-induced hydrodynamic control on meteoric water
880 (Kano, Kato, and Murata 2023). Mori et al. (2018) con-
cluded that these features were due to the geographic position
of Kiriana near the moisture source, the Kuroshio warm cur-
rent. Novel approaches, such as clumped isotopes, can help to
estimate the hydrodynamic and temperature effects of §'80.

Stalagmites from Kiriana Cave are potential temperature record-
ers. However, only a 9-cm long KAO3 is a slow-grown stalagmite
(Mori et al. 2018) and has difficulty obtaining high-resolution
records from its 1.7-cm-long Holocene section. In this study, we
report stalagmite KAO1, 34.5-cm-long, collected from Kiriana
Cave, which provides higher-resolution 880 records during the
Holocene. Based on the 8§'®0 and carbonate clumped isotope re-
cords of KAO1, and the assumptions of Mori et al. (2018) and
Kano, Kato, and Murata (2023), we discuss Holocene tempera-
tures in the maritime Japanese Islands.

2 | Materials and Methods
2.1 | Climate Settings and Meteoric Water §80

Kiriana Cave (34°37'N, 136°46’E; altitude 620m) in Mie
Prefecture is located 20km from the coastline of the moun-
tainous Kii Peninsular in central Honshu (Figure 1A). The
nearest meteorological observatory at Kayumi (altitude:
120 m) recorded an annual average precipitation of 2131 mm/
year during 1991-2020A.D. The regional climate is char-
acterized by a clear seasonal contrast in rainfall at this site,
with 75% of the annual amount falling during the warm 6
months (May-October; Figure 1B) when the wet westerly and
southerly winds blow from the Pacific Ocean. The 30-year
mean annual temperature is 14.8°C, with the monthly tem-
perature ranging from 4.2°C in January to 26.1°C in August
(Figure 1B). Considering the altitude difference between
Kayumi and Kiriana (500m) and a temperature gradient of
0.6°C/100m, the average temperature at Kiriana Cave can be
estimated at 11.8°C. Figure 1C shows a long-term change in
the annual temperature at Owase weather observatory since
1939 A.D., indicating an approximately 2°C warming. The av-
erage temperature of the last 30years (16.5°C) is 1.1°C higher
than the average temperature before (15.4°C, Figure 1C).
Therefore, the air temperature at Kiriana Cave is estimated to
be around 10.7°C in the pre-industrial ages.

Samples of 144 rain events collected at Ohdai (altitude: 120m,
7km northwest of the Kiriana Cave; Table S1) display a wide
range of 80 values from —0.1%0 (December 15, 2015) to
—29.0%0 (April 27, 2016; Mori et al. 2018). The 80 value
of rainwater shows no correlation with the total amount of
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FIGURE1 | Geographic and climatological settings of the study area. (A) Map showing study sites. Dotted lines indicate the prefectural borders.
(B) Average monthly temperature and precipitation of the recent 30years (1991-2020) at Kayumi, the nearest weather observatory from the Kiriana
Cave. (C) Annual temperature of the last 85years (1939-2023) at Owase, the weather observatory with the longest record near Kiriana Cave.

rainfall (R=-0.02, p= 0.79; Figure 2A) or with air tempera-
ture (R=-0.03, p= 0.66; Table S1), based on weather data from
the Kayumi weather observatory in the Japan Meteorological
Agency database. Monthly averages of §'80 values weighted by
the precipitation amount are highest in August (—6.0%.) and
lowest in January (—=11.7%o.) (Figure 2B). There is no distinct
seasonal pattern; the weighted average of some months is in-
fluenced by heavy rain events with distinct !0 values, such
as on August 25, 2015 (340mm, —4.3%.) and October 22, 2017
(468 mm, —10.0%0). The total weighted average 8'%0 value over
the collection period is —8.1%o.

Kano, Kato, and Murata (2023) conducted a model calculation
to examine the amount effect and the seasonality of meteoric
water 880 at four Japanese localities including Ohdai near
Kiriana Cave (Figure 1A). Their method selected an appropri-
ate number of rainfall events from the rainwater samples until
the total amount reached the actual range of the annual precip-
itation. Then, they calculated the total amount of precipitation,
the weighted average of §'80, and the winter rainfall ratio (per-
centage of precipitation from November to April in the annual
precipitation) of a virtual year. Results of 600 virtual years for
Ohdai show that the weighted average of 8'%0 is not correlated
well with the annual amount of precipitation (R=0.21, p<0.001;
Figure 2C) and with the winter rainfall ratio (R=-0.22,
p<0.001; Figure 2D, see Supporting Information of Kano, Kato,
and Murata (2023).

2.2 | Kiriana Cave and Stalagmite KA01

The studied cave, Kiriana, is approximately 2km long and
200m in depth and developed in the Triassic limestone bed-
rock of the southern Chichibu Terrane (Kashiwagi, Yoshida,
and Inagaki 2007; Suzuki et al. 2015). Stalagmites are found at
several locations along horizontal passages situated beneath a

vertical hole that descends 50 m deep. Dripwater samples were
collected at six sites in Kiriana Cave, in four seasons (March,
June, September, and December) of the year 2015 (Mori
et al. 2018). The average 8'30 values of dripwater range rela-
tively uniformly from —6.72 (June) to —7.07%. (December) (red
stars in Figure 2B). The average dripwater value of —6.90%o
is 1.18%0 higher than the average rainwater value at Ohdai.
This discrepancy can be attributed to the positions along the
dominant moisture transportation route in the Kii Peninsula.
Moisture transported by southerly winds first precipitates as
relatively '0-enriched rain at Kiriana, located on the south-
eastern slope of the peninsula, before bringing #0-depleted
rain to inland locations including Ohdai. A study on the spa-
tial distribution of the surface water §!0 in the Kii Peninsula
clearly demonstrates this geographic effect, showing 80 en-
richment on the southeast coast and 80 depletion in inland
areas (Ishizuka et al. 2004). The dripwater in the Kiriana con-
tains relatively low calcium ions, generally 30-35mg/L (Mori
et al. 2018), which is not enough to precipitate calcium car-
bonate (e.g., Kano et al. 2019).

The studied stalagmite sample KA01 was collected in a chamber
with humidity from 95% to 100%, 220-m distance from a cave
entrance. This stalagmite measures 345mm in length and con-
sists of relatively pure calcite. Its section shows a heterogeneous
internal texture, opaque in the upper 70 mm and transparent in
the lower 275 mm (Figure 3A). The transparent part also exhib-
its distinct laminae at several levels, such as 94.5, 116.5, 194.0,
and 292.5mm from the top.

2.3 | Dating

The ages of KAOl were determined using 23°Th dating
techniques (Shen et al. 2008, 2012) at the National Taiwan
University. Seventeen layers of the polished surface of
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FIGURE 2 | Oxygen isotopic composition of the rainwater samples collected from Ohdai. (A) §'%0 (%0) and the amount of rainfall (mm) of 144

rainwater samples (data are available in Table S1). (B) Monthly weighted average of the rainwater §'%0. (C) Result of the model calculation showing

the relationship between 8'%0 and the annual amount of precipitation. (D) Result of the model calculation showing the relationship between 8'%0 and

the winter (November-April) rainfall ratio.

stalagmite KAO1 were sampled, with an amount of 100-200 mg
for U-Th chemistry (Shen et al. 2002). These samples under-
went dissolution with 5% nitric acid and were spiked with an
artificial radiometric tracer (?°Th-?33U-23U). A Fe** solu-
tion was then added to the solution to remove Ca?* through
iron coprecipitation. Subsequently, U and Th fractions were
purified using anion exchange chromatography. The isotopic
composition of U and Th was measured using a multicollector
inductively coupled plasma mass spectrometer (MC-ICP-MS),
Thermo Electron NEPTUNE at National Taiwan University.
Details of the chemical treatment and instrumental analy-
sis are shown in Shen et al. (2012). Decay constants used for
age calculation are given in Cheng et al. (2013) and Jaffey
et al. (1971). The age was corrected by the estimation of con-
taminated detrital 23°Th. An age-depth model was constructed
using the StalAge software, which adopts a statistical algo-
rithm based on Bayesian and Monte Carlo simulations (Scholz
and Hoffmann 2011).

2.4 | Stable Isotope Analysis

Stable isotope analysis was conducted using a mass spectrom-
eter (Thermo Finnigan DeltaPlus) connected to an online gas
separation system (GasBench II) at the University of Tokyo. A
total of 1712 subsamples were collected along the growth axis
with a dental microdrill (Shofu Tas-35LX) at intervals of 0.2mm
(Figure 3A). In addition, a Hendy test that examines the stability
of 8180 value along the same growth layer (Hendy 1971) was also
performed for four horizons. Seven subsamples were collected
along each horizon at 1-mm intervals on both sides from the
growth axis.

Each subsample of ~0.3mg was enclosed in a 12-mL gastight
vial, with the air replaced by helium gas. The subsamples were
reacted with phosphoric acid in the vial for over 5h at 60°C. The
generated CO, was then introduced to the gas separation system
and the mass spectrometer. 8'%0 and stable carbon isotope ratio
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FIGURE3 | Basicinformation of the stalagmite KAO1 collected from the Kiriana Cave. (A) Polished surface of a half-cut specimen. (B) Age model
of KAO1 based on 17 23°Th ages (Table 1). Calculation by using StalAge (Scholz and Hoffmann 2011) provides the mean age (green line) and maxi-

mum and minimum ages (red lines). A hiatus was identified at a 292.5-mm horizon corresponding to a distinct lamina in Figure 3A.

(8'3C) values were normalized using the value of an in-house
standard and expressed with the Vienna Pee Dee Belemnite stan-
dard (VPDB). A typical 2 standard error (SE) is 0.2%. for both
8180 and 8'3C. The reproducibility of the measurements of in-
house standard (N=344) was +0.09%0 (2SD). Further details of
8180 and 8'*C measurements were described by Hori et al. (2009).

2.5 | Carbonate Clumped Isotope

Carbonate clumped isotope of 19 horizons of KA01 was mea-
sured using a dual inlet mass spectrometer (Finnigan MAT-253)
at Kyushu University. Powdered samples of 5mg were reacted
with phosphoric acid at 90°C in a vacuumed glass tube, and the
generated CO, and H,O were immediately trapped by a stain-
less tube cooled with liquid nitrogen. The H,O was trapped with
ethanol slush, while the gaseous CO, was purified by passing it
through a gas chromatography with helium gas. A 30-m-long
capillary column (Supel-Q PLOT), cooled at —10°C, was used in
order to remove organic contaminants.

The purified CO, was analyzed by applying the pressure base-
line (PBL) correction by He, Olack, and Colman (2012), incor-
porating an off-peak measurement of the background intensities
of masses 45-49. Each analysis comprises 5-8 acquisitions, with
four off-peak, eight on-peak, and four off-peak cycles (sample-
reference comparisons) per acquisition, taking approximately
3.5h. A typical 1 SE of the abundance anomaly of ¥/CO, (A,,) is
0.005%0-0.015%0. The A,, value was converted to temperature
using the following equation for synthetic calcite proposed by
Kato et al. (2019):

A7 = (0.0354 +0.0013) x 10° / T> + (0.290 £ 0.015) (1)

3 | Results
3.1 | U-Th Dating and Age-Depth Model

U-Th ages from 17 horizons of KAO1 range from 1.33 to 13.53kyr
(before 1950 AD; Table 1). Two ages at depths of 10 and 161 mm
are clearly out of stratigraphic order and were not applied in the
construction of the age-depth modeling StalAge, where linearity
is important. The remaining 15 dates were applied to the age
model created by StalAge (Figure 3B). According to this age
model, the ages of the top and the bottom are estimated to be
1.16 and 13.69Kka, respectively. A significant age gap was identi-
fied between the two samples at the 292- and 293-mm horizons,
which were dated to approximately 10.25 and 12.47ka, respec-
tively. These two samples are separated by a distinct lamina at
the 292.5-mm horizon (Figure 3A), which is identified as a hia-
tus. This estimated hiatus is 1300years long, occurring between
12.35 and 11.05ka.

The age model of KAO1 is approximated with three linear re-
lationships with different slopes, indicating various stalagmite
growth rates (Figure 3B). The uppermost 72.5mm has the low-
est growth rate (~13mm/kyr). The interval of 72.5-292.5mm
exhibits a higher growth rate (~50 mm/kyr). The bottom section
below the hiatus shows a growth rate of ~33 mm/kyr.

3.2 | Stable Oxygen Isotopes

The 880 values of the KAO1 ranged from —5.46%0 to —7.52%o
(Table S2), with a mean value of —6.43%.. Figure 4A displays the
raw data (light green) and the 50-year average of every 25-year time
slice (dark green; Table S3). The 8'%0 values differ depending on
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FIGURE4 | Results of isotopic analyses of KAO1. (A) Raw data values (light green) and average values in a 25-year time slice of 8'%0 (dark green).
(B) Carbonate clumped isotopes and estimated temperatures of 19 horizons of KA01 (data are shown in Table 2). (C) Growth rate of KAO01 calculated

from the age model of Figure 3B.

positions in the stalagmite. High values (> —6%o) are recorded in
the lowermost part (13.7-12.35ka) and also in the uppermost part
(3.0-1.16ka), while the middle part of the stalagmite (11.05-6.3ka)
generally exhibits low 8'80 values around —6.5%o. The 8'%0 profile
of the upper stalagmite (6.3-1.16ka) shows centennial-scale oscil-
lations with an amplitude of <0.5%. (Figure 4A).

The results of Hendy tests conducted at 20-, 90-, 170-, and 330-
mm horizons are shown in Figure S1. For §'%0, the values at
seven positions are mostly within the margin of analytical error
(the average +0.20%o). The 8'3C values indicate larger perturba-
tion, £0.25%. for 20- and 90-mm horizons and + 0.50%o. for 170-
and 330-mm horizons.

3.3 | Carbonate Clumped Isotopes

Table 2 and Figure 4B show the results of the carbonate clumped
isotopes from 19 horizons. The A, values range from 0.6309%o
to 0.6686%., which corresponds to the temperature range of
16.2°C-4.1°C. The analytical error (1 SD) is from 0.0052%o to

0.0217%o, indicating the uncertainty from+1.7°C to+6.8°C
(Table 2).

Relatively high temperatures (13.6°C-16.2°C) are obtained
in a time interval between 7.8 and 6.5kyr (before 1950 AD).
However, the temperature at 7.1ka is the lowest at 3.4°C.
Temperatures lower than 10°C occur in intervals of 13.6-13.0ka
and 6.0-1.8ka. Additionally, low temperatures are recorded at
9.9 and 7.9Kka (Table 2).

4 | Discussion
4.1 | Interpretation of Oxygen Isotopes

The stalagmite oxygen isotopes are basically controlled by two
factors: (1) 8'80 of the dripwater, which principally originated
from the meteoric water, and (2) the temperature during cal-
cite precipitation (e.g., Kano, Kato, and Murata 2023). As ob-
served in caves elsewhere in the world (e.g., McDermott 2004),
the first factor is generally more important than the second
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TABLE 2 | Carbonate clumped isotopes, estimated temperatures, and growth rates of 19 horizons of KAO1.

Horizon Age (yb Temperature Growth rate

(mm) 1950) 813C (%o) 8180 (%) A, (%) (°C) (1m/year) A ¢ (%0)

2.6 1356 —7.01 —6.02 0.6365+0.0111 14.3£3.8 12.3 —0.8945+0.2896
8.2 1816 -8.44 —6.55 0.6503 +0.0052 9.8+1.7 12.1 —0.9927£0.1925
15.0 2373 -8.30 —5.92 0.6526 +£0.0076 9.1+2.4 12.2 —0.8198+0.3936
20.0 2786 —-8.32 —-6.32 0.6597 £0.0064 6.8+2.0 11.9 —1.1846+0.1944
30.5 3689 -9.57 —6.45 0.6602+0.0088 6.7£2.8 12.0 —0.6199+0.4307
39.0 4380 -9.23 -6.23 0.6562+0.0076 79+24 12.7 —0.8177 £0.2327
62.0 6005 —7.28 —6.09 0.6513+0.0080 9.5+2.6 13.2 —1.1943 +£0.3981
70.0 6567 -8.33 —6.35 0.6361+£0.0152 14.4+5.2 23.5 —1.3132+0.5227
75.0 6761 —-8.49 —6.45 0.6344+£0.0133 15.0+4.6 259 —1.1957 £0.4239
98.4 7065 -9.17 —6.25 0.6711£0.0075 34+23 63.8 —0.9114+0.3828
121.0 7409 —8.46 —6.61 0.6309+0.0128 16.2+4.5 81.5 —1.3969+0.4705
142.2 7765 -9.56 —6.35 0.6387+£0.0131 13.6+4.5 48.5 —0.4582+0.3261
151.0 7948 —8.52 —6.36 0.6564+0.0093 79+3.0 47.0 —0.9567 £0.3364
210.0 9227 -8.10 —6.43 0.6481+0.0147 10.5+4.9 46.5 —0.6199+0.4307
240.0 9873 -9.53 —6.89 0.6578 £0.0114 7.4+3.6 46.7 —1.2228 £0.2970
308.8 12786 -10.42 —6.61 0.6425+0.0075 12.3+£2.5 39.4 —1.0011+0.2933
318.6 13052 —8.80 —6.59 0.6686+0.0217 4.1+6.8 38.5 —0.0975+1.6101
329.0 13339 -9.11 —6.51 0.6636+0.0154 5.6+4.8 39.4 —1.3318 £0.2983
341.1 13654 -8.91 —6.63 0.6517+0.0061 9.3+2.0 40.1 —0.9415+0.3127

factor. However, this cannot simply be applied to Japanese
stalagmites.

As described above, Kano, Kato, and Murata (2023) examined
the amount effect and the seasonality of the meteoric water
8180 by using a dataset of the meteoric water 8'%0, which was
collected from several sites, including Ohdai, which is close to
Kiriana Cave. According to this study, the meteoric water §'%0
at Ohdai has no significant correlation with the annual amount
of rainfall (Figure 2C) and with the winter rainfall ratio
(Figure 2D). As this locality is only 20km from the coastline
(Figure 1A), moisture mostly comes from the Pacific. Wet air
masses from west and south bring 80-enriched rainfall along
a short trajectory on the southern slope of the Kii Peninsula.
Therefore, the degree of rainout of '0-enriched H,O along the
moisture trajectory is likely insignificantly related to the in-
tensity of rainfall. 8'80 of heavy rain can be as low as —10%o
(October 22, 2017; 468 mm) but as high as —4.3%. (August 25,
2015; 340mm). In addition, 75% of the annual rainfall occurs
from May to October (Figure 1B) when the westerly and south-
erly winds bring moisture from the Pacific Ocean. Because of
the minor contribution of rainfall during cold months, changes
in rainfall seasonality do not largely influence the meteoric
water 5130.

A small range of variation is a characteristic of the stalagmite
8180 of the Kiriana Cave. This was previously suggested for the
stalagmite KAO03, which covers a longer age range (4-83ka)

than KAO1 (Mori et al. 2018). The 880 profile of KA03 has only
~2%o variation in amplitude and shows a long-term trend simi-
lar to seawater 8'80. Because seawater is the dominant moisture
source at this cave on the centennial to millennial timescale, it
is reasonable to infer that the variation of the meteoric water and
stalagmite 8'30 is inherited from the seawater 8'%0. Subtraction
of the seawater 8'80 variation further reduces the amplitude of
the stalagmite 8'80 variation, which can be interpreted as tem-
perature change (Mori et al. 2018).

4.2 | Reconstruction of Temperature Change

We adopt two assumptions from Mori et al. (2018) for the §'%0
profile of KAO1: 1) the meteoric water 880 is not related to
the amount and seasonality of precipitation but changes with
the seawater 8'80 and 2) the variability of the stalagmite 8%0
mainly depends on the temperature change. Assuming these,
the temperature change can be reconstructed using stalagmite
8180 values. First, the time series of the dripwater 8'30, 8'80,(1),
is calculated with simple equations (2 and 3)

380w (t) = 5'80y(0) + 5" Ogy (1) @)
8" Ogy(t) = A 0pe(t) /1.77 ©)

Here, 3'80,,(0) represents the dripwater 8'®0 at present, and
we use the average value of —6.9%. (VSMOW) for 2015 (Mori
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FIGURE 5 | Comparison of the stalagmite §'%0 profiles since 14ka. Note that the vertical axis is reversed. (A) Kiriana Cave of this study. (B)
Maboroshi Cave (locality is shown in Figure 1A) in Hiroshima Prefecture, Japan (Hori et al. 2013). (C) Dongge Cave in south China (Dykoski

et al. 2005).

et al. 2018). 8'80, () denotes the seawater 5'%0 at a given time
(t) quantified by the A0 (), which is the difference between
the present 8'80 value and the 8'80 value at the given time of
deep Pacific benthic foraminifers. This difference decreases
from the LGM to the present by 1.77%. (Lisiecki and Stern 2016).
8180 values of the foraminifers are primarily controlled by the
variation of 8", and secondarily by deep-water tempera-
ture. Considering that 80-enrichment in seawater during the
LGM was around 1%o (Schrag, Hampt, and Murray 1996; Schrag
et al. 2002; Bintanja, and van de Wal., R.S.W. 2008; Shakun
et al. 2015) and that the 8'%Qg,, at present is 0%o, the A0, (t)
divided by 1.77 is regarded as 8'80,(t) (Equation 3).

Second, the time series of temperature in the cave is calculated
from the 5'80,(t) and the measured stalagmite 5'80(t) using the
equation of Kim and O'Neil (1997):

1000 Ine = 18030/ T — 32.24 4

where « is the fractionation factor between calcite and water,
and T is the temperature in kelvins. The temperature (T) was
reconstructed for §'80(t) with a 25-year time slice (dark green
line of Figure 4A).

The calculated temperature ranges from 10.0°C to 15.0°C during
Holocene (1.18-11.0ka) and ranges from 11.5°C to 15.0°C during
12.4-13.7ka (Figure 6A). The calculated temperature from the
basal KAO1 is around 12°C until 12.9ka and then increases to
~15°C at 12.6ka. From the maximum value, the temperature

decreases by 12.8°C at 12.4ka. Across the 1.3-kyr-long hiatus,
the temperature rapidly increased to 13.3°C until 10.9ka. A
high temperature of around 13°C sustains during an interval
of 10.9-6.7ka, although several changes with an amplitude of
+1.0°C are recorded in the temperature profile (Figure 6A).
In this warm interval that may correspond to the Holocene
Thermal Maximum (HTM; Kaufman et al. 2004), the stalagmite
KAO1 grew at a high rate (Figure 2B). A clear cooling started
at 6.7ka, and the temperature dropped to 10.5°C at 6.1ka.
Temperature remained in the range of 12°C-13°C from 6.0ka to
3.8ka and then decreased to 10.0°C at 2.9 ka, which is the lowest
temperature in the Holocene period. The temperature gradually
recovered to ~13°C to 1.2ka when the stalagmite KAO1 stopped
its growth.

Figure 6B (in blue) also shows the temperatures estimated by
the clumped isotopes (4,,), which include larger uncertainties
and larger ranges (from 3.4°C to 16.2°C). Overall, the two tem-
perature estimates (A,, and 8180) share similar trends, with
high temperatures in an interval of 7.8-6.5ka and low tem-
peratures in an interval of 4.5-2.0ka. The A, -temperatures
are roughly consistent with the data reported from a stalagmite
from Maboroshi Cave in Hiroshima Prefecture (Figure 1A) by
Kato et al. (2021) (Figure 6B in orange), which also indicates a
warm climate in the Middle Holocene (especially in an inter-
val of 6.5-5.5ka). These temperatures mainly range from 21°C
to 15°C, clearly warmer than the present temperature (14.1°C,
Kato et al. 2021) by 7°C-1°C (Figure 6B). It also shows a cool
climate in the pre-Holocene section (14-12.5ka; Figure 6B).
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FIGURE 6 | Reconstructed temperature change since 14ka from KAO01 and other archives in Japan. (A) Temperature change reconstructed from
8180 of KAO1. (B) A, temperatures of KAO1 (this study) and a stalagmite collected from Maboroshi Cave in Hiroshima Prefecture (Kato et al. 2021).
(C) 8'%0 of reef corals from Kikai Island, Kagoshima Prefecture, and Okinawa Island, Okinawa Prefecture (compiled by Chuang et al. 2023). The
temperature difference from the present was calculated by assuming the stable seawater §'0. (D) C,, alkenone unsaturation-derived SST from
sediment collected from Hiroshima Bay (Kawahata et al. 2017). (E) South-north latitudinal variations in temperature differences shown in Sawada
and Handa (1998). These were calculated by subtracting C,, alkenone unsaturation-derived SSTs of sediment cores 31°6' N, 138°40'E or 30°23'N,
138°39’ E) from the corresponding values of another more northerly core (32°40’ N, 138°27'E). (F) Probability density functions (PDFs) of Holocene
Thermal Maximum (HTM) age calculated in Cartapanis et al. (2022). “Northern America” and “Western Europe” are continental data, and “All
marine” is global data.

Although the two temperature estimates (4, and 8'80) share
similar features, a significant difference is observed in sec-
tions older than 9 ka, where the A, temperature is much lower
than the 8'%0-derived temperature. Because the pre-Holocene
interval (13.7-12.3ka) of KAO1 corresponds to the Belling-
Allerod warm period and the first half of the Younger Dryas

cold period (e.g., Cheng et al. 2020), the temperature is ex-
pected to decrease to a level lower than the present tempera-
ture. To reconstruct lower §'80-derived temperatures, 8'80_ (t)
in Equation (2) for the pre-Holocene interval needs to be lower
for some reasons. One possible reason is the lower 880 water
vapor produced by lower sea surface temperatures (SSTs)
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during the pre-Holocene period. It has been demonstrated that
the warm Tsushima Current did not flow into the Japan Sea
during 14-12.5ka, resulting in further reduced SSTs (Domitsu
and Oda 2006, 2008). Additionally, Nakagawa et al. (2021)
suggested a southward shift of the westerly jet route during
cold periods, including 14-12.5ka, which increased the influx
of air masses from the northwest and the Siberian High into
the Japanese Islands. These air masses likely brought low §'80
water vapor to Kiriana Cave due to the long trajectory from
the vapor source to the cave. An increase in such air masses
might have lowered 80 (t) in the pre-Holocene period
around Kiriana Cave. Assuming that the meteoric water 880
was about 1%. lower than §'30(t) in Equation (2), the cal-
culated temperatures would have been about 4°C lower, con-
sistent with the A, temperatures. They are also different in
the amplitude of the fluctuation, and the maximum difference
of the A, temperature change (12.8°C) is unrealistic for the
Holocene section. This might be ascribed to the kinetic effect,
as suggested by previous studies of carbonate clumped iso-
tope thermometry (e.g., Guo and Zhou 2019; Dreybrodt 2019;
Bajnai et al. 2020; Huntington and Petersen 2023). The kinetic
effect on isotopic equilibrium also affects other isotopic com-
positions (8'80 and 8!3C) and mainly arises from the slow con-
version rate between dissolved carbon dioxide (COZ(MD) and
bicarbonate (HCO,™) through hydration and hydroxylation
reactions after CO, degassing (Guo and Zhou 2019)

CO, + H,0 2 COy, + H,0 2 HCO; — + HY )

The slow isotopic exchange between these carbonate species
(Equation 5) does not achieve the equilibrium in a thin water
film on a stalagmite and often lowers the A,, value in the case
of stalagmites (Affek 2013; Affek et al. 2014). The degree of the
isotopic disequilibrium is variable with various environmental
parameters, including temperature, pCO,, and dripwater sup-
ply (Affek and Zaarur 2014; Arienzo 2014; Arienzo et al. 2017;
Bajnai et al. 2020; Hansen, Kluge, and Scholz 2022; Huntington
and Petersen 2023). Potential indices available to estimate the
kinetic effect are the growth rate and the A ;; (abundance anom-
aly of mass 48 CO,), shown in Table 2. Low A, values (and high
temperatures) are obtained from the samples of high growth
rate and/or large A, value, such as samples at 70- and 121-mm
horizons (Table 2). However, the A, values do not indicate a sig-
nificant correlation with the high growth rate or the A, value
(Figure S2).

The lower A, temperature trend persists throughout the stalag-
mite (Figure 6B), which might be attributable to the selection
of the A ,-temperature equation. However, the A, temperature
becomes even lower by taking other equations, such as the tufa-
based equation by Kato et al. (2019) and the travertine-based
equation by Kele et al. (2015). Our data are not sufficient to es-
timate how the kinetic effect enlarges the variation of A, tem-
perature (Figure 6B), which is much larger than the variation of
8180 temperature (Figure 6A). One possible explanation is that
the A, temperature suffers a larger kinetic effect (> 20°C, Affek
et al. 2008, 2014) than the 8'0 temperature (~10°C, Tremaine,
Froelich, and Wang 2011). In the case of applying the carbon-
ate clumped isotopic thermometry to stalagmites, issues of a
large kinetic effect need to be addressed (e.g., Affek et al. 2014).
Considering a large variation and potential kinetic effect of the

A,, temperature, the §'80 temperature indicates a more realistic
trend than the A, temperature. The Holocene trend of the §'0
temperature shares several features with other temperature re-
cords in the Japanese Islands, as discussed in the next section
(Figure 6).

4.3 | Temperature Change in Japanese Islands

Our temperature records from KAOl can be compared with
previous studies that presented quantitative temperature re-
constructions from well-dated geological materials. Kawahata
et al. (2017) presented a high-resolution seawater tempera-
ture record from sediments in Hiroshima Bay, Hiroshima
Prefecture (Figure 1A). The SSTs derived from C,, alkenone
unsaturation indicate a gradual decrease from 26.5°C to 23.5°C
during an interval of 10.5-6.2ka. The SST stayed around
23.5°C for the next 3000years, sharply decreased to 22.8°C at
3.3ka, and then increased from 2.5ka to 2.0ka (Figure 6D).
Oxygen isotope ratio profiles from reef corals from Kikai
Island, Kagoshima Prefecture, and Okinawa Island, Okinawa
Prefecture, over the past 9300-year show that SST increased
by 2.5°C from 7.0 to 6.1ka (Figure 6C, Chuang et al. 2023).
The SST then declined slowly, reaching a cold event at 4-3ka,
taking a minimum of nearly 4°C below the present at 3.3ka,
and increasing toward the present. These SST profiles align
well with the 8'80-derived temperatures of Kiriana Cave, in
terms of relatively warmer conditions in the early Holocene
and the coolest conditions around 3ka (Figure 6A). Climate
change around 3ka has also been reported from outside of
Japan, such as from sediments of the Aegean Sea (Rohling
et al. 2002) and the Greenland ice sheet (Mayewski et al. 1997;
Meeker et al. 1997).

Based on the records of the stalagmite 5§80 of KAO1, a rela-
tively warm condition occurred around Kiriana Cave between
10.9 and 6.7ka, reaching the highest temperature (15.0°C)
around 7.0ka, which is covered by the HTM. Compared
with the global database of the HTM (Cartapanis et al. 2022;
Kaufman and Broadman 2023), the timing found in KAO1
aligns closely with seawater temperature records but is nota-
bly earlier than terrestrial records from North America and
Western Europe, in which the HTM occurs around 7ka and
5ka, respectively (Figure 6F).

The earlier HTM observed at Kiriana Cave is likely due to
its geographic proximity to the Pacific Ocean and the warm
Kuroshio Current, combined with the absence of a large ice
sheet. Sawada and Handa (1998), which reconstructed the
historical flow path of the Kuroshio Current, suggested that
the subtropical North Pacific circulation played a significant
role in determining the velocity and degree of meandering of
the Kuroshio Current. The strength of this circulation and
the degree of meandering were estimated from SSTs recon-
structed using sediment cores collected from three sites in
the North Pacific off central Japan (Sawada and Handa 1998).
Higher SSTs at the northern site, relative to the southern sites
(indicated by a larger AT in Figure 6E), suggest reduced me-
andering of the Kuroshio Current, driven by an intensified
subtropical North Pacific circulation. This oceanographic set-
ting effectively transported heat and moisture from the tropics
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to the mid-latitudes of the Pacific, which likely increased tem-
perature and precipitation in the Kii Peninsula. According to
Sawada and Handa (1998), the meandering of the Kuroshio
Current was weak during 11-10ka, so the Kii Peninsula was
particularly affected by the Kuroshio Current, and the HTM
began around 10ka. Later, during 8-7ka, the strength of the
subtropical North Pacific circulation peaked (Figure 6E), re-
sulting in the northward positioning and weakened mean-
dering of the Kuroshio Current. During this period, EASM
intensity reconstructed from Chinese stalagmite oxygen iso-
tope ratios reached a maximum (Figure 5C), which was inter-
preted as the northward shift of the Intertropical Convergence
Zone (Dykoski et al. 2005), and a warm and humid climate
prevailed in East Asia. The temperature profile at Kiriana
Cave around 6ka shows a cold event (Figure 6A) when the
Kuroshio meandering strengthened. After 5ka, the meander-
ing of the Kuroshio Current further strengthened (Figure 6E),
and at the same time, the temperature at Kiriana Cave began
to decrease. Around 3ka, the Chinese stalagmite §'30 reached
a maximal value of about —7%o., indicating that the EASM
intensity weakened, and the period was dry (Figure 5C).
Combined with the fact that Kiriana Cave has the lowest tem-
perature, this cold and dry period may have contributed to the
transition from the hunter-gatherer-oriented Jomon Period
to the agriculture-oriented Yayoi Period. After 3ka, the tem-
perature began to increase, although the meandering of the
Kuroshio Current slightly increased. This late Holocene tem-
perature increase is also recorded in corals from Kikai Island
(Figure 6C), alkenones from Hiroshima Bay (Figure 6D), and
Chinese stalagmites, which suggest either a strengthening of
the EASM or a northward shift of the ITCZ (Figure 5C). Thus,
this warming trend appears to have been driven not by SSTs
but rather by regional meteorological factors.

5 | Concluding Remarks

We reconstructed the temperature variability since 13.7 ka from
the high-resolution 80 records of the well-dated stalagmite
KAO1 from Kiriana Cave in Mie Prefecture, Japan, under the
assumption that the meteoric 8§80 is insensitive to the precip-
itation characteristics (the amount effect and the seasonality;
Kano, Kato, and Murata 2023). KAO1 provided high-resolution
temperature records ranging from 10.0°C to 15.0°C, indicat-
ing warmer conditions in the early-middle Holocene during
10.9-6.7 ka and cooler conditions around 3ka. These warm and
cool intervals during the Holocene could be roughly supported
by the temperature estimations from carbonate clumped iso-
topes (A,,) although the A, temperature indicates a large am-
plitude of change. The temperature record based on 830 is also
consistent with the other temperature records in Japan (e.g.,
Kato et al. 2021; Chuang et al. 2023; Kawahata et al. 2017) and
the positioning of Kuroshio Current (Sawada and Handa 1998).
We recognized that the HTM in Japan was earlier than those
in Western Europe and North America. The amplitude of tem-
perature variation estimated from 8'®0 reaches ~5°C, and it
can be larger as estimated by the A, data. Inconsistency is
found in the 8'%0 temperatures in the pre-Holocene section,
which are much higher than the A, temperature and previ-
ously reported paleotemperatures. This may indicate that our

assumption of the meteoric 8§80 cannot be applied to the pre-
Holocene interval.

Because the meteoric 8'%0 is insensitive to the precipitation
characteristics in our study region, the stalagmite 80 signal
of the Kiriana Cave possibly does not include information on
precipitation. Reconstructing precipitation changes during the
Holocene in response to temperature changes is an interesting
topic in paleoclimatology. In particular, the reconstruction of
precipitation phenomena during the early-middle Holocene,
when it was warmer than now, will be useful for predicting
natural disasters (e.g., floods and droughts) caused by global
warming. Because the studied stalagmite, KAO1, is a well-dated
archive, further investigations of other proxies such as §'*C and
trace elements are needed to extract information on precipita-
tion phenomena.
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