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Abstract

Speleothem inclusion-water isotope compositions are a promising new climatic proxy, but their applicability is limited by
their low content in water and by analytical challenges. We have developed a precise and accurate isotopic technique that is
based on cavity ring-down spectroscopy (CRDS). This method features a newly developed crushing apparatus, a refined
sample extraction line, careful evaluation of the water/carbonate adsorption effect. After crushing chipped speleothem in a
newly-developed crushing device, released inclusion water is purified and mixed with a limited amount of nitrogen gas in
the extraction line for CRDS measurement. We have measured 50–260 nL of inclusion water from 77 to 286 mg of stalagmite
deposits sampled from Gyokusen Cave, Okinawa Island, Japan. The small sample size requirement demonstrates that our
analytical technique can offer high-resolution inclusion water-based paleoclimate reconstructions. The 1r reproducibility
for different stalagmites ranges from ±0.05 to 0.61‰ for d18O and ±0.0 to 2.9‰ for dD. The dD vs. d18O plot for inclusion
water from modern stalagmites is consistent with the local meteoric water line. The 1000 ln a values based on calcite and fluid
inclusion measurements from decades-old stalagmites are in agreement with the data from present-day farmed calcite
experiment. Combination of coeval carbonate and fluid inclusion data suggests that past temperatures at 9–10 thousand years
ago (ka) and 26 ka were 3.4 ± 0.7 �C and 8.2 ± 2.4 �C colder than at present, respectively.
� 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. INTRODUCTION

Owing to their abundant tracer composition, as well as
their absolute chronology and applicability from the
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Anthropocene to the Pleistocene, speleothems are consid-
ered one of the most important natural archives of past
climate (Fairchild et al., 2006; Fairchild and Baker, 2012).
The speleothem carbonate oxygen isotope ratio (d18O) has
been used as a proxy for precipitation (e.g., Wang et al.,
2001, 2006, 2008; Bar-Matthews et al., 2003; Partin et al.,
2007; Cheng et al., 2012; Ayliffe et al., 2013; Liu et al.,
2014) or temperature (e.g., Gascoyne, 1992; Talma and
Vogel, 1992; Dorale et al., 1998; Lauritzen and Lundberg,
tivecommons.org/licenses/by-nc-nd/4.0/).
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1999; Mangini et al., 2005; Sundqvist et al., 2013). How-
ever, the complex oxygen fractionation processes from the
moisture source to the formation of speleothem hinder
the quantitative reconstruction of past thermal and
hydrological conditions (e.g., McDermott, 2004; Fairchild
et al., 2006; Lachniet, 2009). The oxygen and hydrogen
isotopic signatures of speleothem inclusion water in sealed
cavities can offer a possibility of paleo temperature esti-
mates and provide direct evidence of past hydrological
cycles (e.g., McDermott, 2004).

Drip water can be trapped as fluid inclusions in defect
intercrystalline spaces during crystallization, and these fluid
inclusions constitute 0.01–0.5% of speleothem by weight
(Schwarcz et al., 1976; McDermott et al., 2005). Recent
studies have indicated that the isotopic compositions of
inclusion water can match those of cave drip water
(Dennis et al., 2001; Genty et al., 2002; Fleitmann et al.,
2003; Demeny and Siklosy, 2008; van Breukelen et al.,
2008; Zhang et al., 2008; Dublyansky and Spotl, 2009;
Griffiths et al., 2010, 2013; Labuhn et al., 2015), suggesting
that inclusion water may preserve the original isotopic fea-
tures of paleo-rainwater. The first attempt at hydroclimatic
application was conducted by Schwarcz et al. (1976).
Related subsequent studies have been summarized by
McDermott (2004) and McDermott et al. (2005). For
example, Matthews et al. (2000) used the inclusion water
hydrogen stable isotope ratio (dD) to reveal climate-
driven changes in the Mediterranean meteoric water cycle
over the past 120 thousand years (ka). Fleitmann et al.
(2003) used inclusion water dD to clarify different glacial-
interglacial moisture sources in Oman. Griffiths et al.
(2010) used speleothem inclusion water d18O and coeval
carbonate d18O data to reconstruct cave temperature and
rainfall sequences over the past 12.64 ka in southern
Indonesia.

Although the importance of speleothem fluid inclusion
was recognized in the 1970s (Schwarcz et al., 1976), limita-
tions in the volume of water and the analytical difficulties
associated with isotopic measurements hindered subsequent
studies. For example, in early labor-intensive studies, water
was extracted using a vacuum line and converted
to H2 and/or equilibrated with CO2 (Schwarcz et al.,
1976; Harmon et al., 1979; Dennis et al., 2001) for
isotope ratio mass spectrometric (IRMS) measurements.
Continuous-flow mass spectrometry combined with pyroly-
sis at 1400 �C reduced the sample requirement to 0.1–0.2 lL
of inclusion water and the measurement time (Vonhof
et al., 2006; Dublyansky and Spotl, 2009). However,
water still needs be converted to measurable gases, such
as H2 and CO.

The molecular conversion step can be avoided by using
cavity ring-down spectroscopy (CRDS), a recently devel-
oped technique with low instrumental and running costs
compared with IRMS methods (e.g., Brand et al., 2009;
Gupta et al., 2009). In CRDS, an infrared laser is used to
detect the isotopologues of water molecules, enabling
the direct measurement of water d18O and dD. Newly
developed CRDS techniques (Arienzo et al., 2013;
Affolter et al., 2014) or other laser-based spectroscopy tech-
niques (Czuppon et al., 2014) offer a 1r reproducibility of
±0.4–0.5‰ for d18O and ±1.5–2.0‰ for dD for
0.4–1.2 lL of inclusion water. However, the requirement
for a relatively large volume of inclusion water has hindered
the development of a high-temporal-resolution speleothem
hydroclimatic record.

In this study, we developed techniques for measuring the
d18O and dD values of speleothem fluid inclusions with a
water requirement of only hundreds of nanoliters (nL) by
using CRDS methods. This paper describes the new analyt-
ical system and techniques in Section 2, their performance
evaluation in Section 3.1, and the application of the results
to paleoclimate reconstruction in Section 3.2.

2. EXPERIMENTS

2.1. Apparatus for measuring stable isotopes in inclusion

water

2.1.1. Extraction and preparation device

Our experimental apparatus for water inclusion isotope
measurements incorporates a crushing device made of glass
and is illustrated schematically in Fig. 1. The apparatus is
composed of the following: (1) a device to extract water from
carbonate, (2) a dilution apparatus for on-line isotopic mea-
surement, and (3) aCRDSunit. Carbonate wasmechanically
crushed in a vacuum, and the released water was cryogeni-
cally trapped using processes modified from Dennis et al.
(2001). The dilution component is an adaptation of a
commercially available liquid water evaporator (Picarro
Inc. Santa Clara, California, USA) (Gupta et al., 2009).

The apparatus is constructed using custom-made parts
connected with valves and tube fittings. Valves 1 and 2
are bellow-sealed valves (SS-4H, Swagelok Co., Solon,
Ohio, USA). Pressure is monitored using a compact Pirani
gauge (TPR280, Pfeiffer Vacuum, Asslar, Germany). Valve
3 is a two-way normally closed solenoid valve (A2016,
Gems Sensors & Controls, Plainville, Connecticut, USA)
with a timer relay (LT4H, Panasonic Corp., Osaka, Japan)
that controls the amount of N2 gas (99.99%) for dilution.
Valve 4 is a three-way solenoid valve (A3314, Gems Sensors
& Controls, Plainville, Connecticut, USA). A flow control
valve (SS-SS1, Swagelok Co., Solon, Ohio, USA) is used
to adjust the flow of H2O to the CRDS. During isotope
measurement, a mixture of water vapor and N2 gas is bled
through the flow control valve to the CRDS (‘measure’
position in Fig. 1). Between measurements, N2 gas is
supplied via Valve 4 (‘purge’ position in Fig. 1) to purge
the CRDS. Gas flow in the CRDS is generated using a
diaphragm pump (Pump 1; DAU-20, ULVAC, Miyazaki,
Japan). The line is evacuated using an oil-sealed
rotary vacuum pump (Pump 2; GLD-201B, ULVAC,
Miyazaki, Japan) between measurements, and a cryogenic
trap (1/4 inch o.d. stainless steel coil immersed in liquid
N2) is placed before the pump to speed up evacuation.

Three custom-designed devices are used to lower water
adsorption: a crushing device, a trap/expansion-chamber,
and an injection port.

The crushing device, which has an internal volume of
5 cm3 and a surface area of 20 cm2, is composed of Pyrex
glass (a in Fig. 1). This device is a modified vacuum valve,
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Fig. 1. Schematic diagram of the experimental apparatus. The chain line indicates components heated at 150 �C. An enclosed view of the
custom-made devices is shown in the box on the right. (a) Speleothem crushing device; speleothem samples are placed onto the bottom of the
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and the moving part is tightly sealed with two Viton O-rings
(Koshin Rikagaku Co., Ltd., Tokyo, Japan). Stalagmite
chips placed in the bottom of the crusher can be easily
crushed by pressing the glass rod onto the sample by rotat-
ing the grip at the top of the threaded valve stem. All tested
stalagmites, even crystalline hard samples, could be crushed
using this Pyrex piston. For minerals harder than calcite
(e.g., quartz), the glass crusher should be replaced with a
stainless steel crusher. Compared with the stainless steel
device, the glass crusher is easy to open and to clean its
inside. The device is connected with a 3/8-inch Ultra-Torr
adaptor (Swagelok Co., Solon, Ohio, USA), welded to a
1/4-inch VCR fitting (Swagelok Co., Solon, Ohio, USA).
A 0.3-lm mesh gasket-type filter (Pureron Japan Co.,
Ltd., Fukushima, Japan) is installed in the face seal fitting
to prevent contamination of the line by crushed calcite
particles.

A cryogenic trap/expansion chamber (b in Fig. 1) made
of Pyrex glass is used to collect the released water vapor.
This chamber is a modification of a cryogenic trap for
atmospheric vapor collection (Uemura et al., 2008). The
internal spiral prevents the outflow of trapped ice and
functions as an expansion volume chamber for mixing
vapor with N2 gas. To measure nanoliter samples, an inter-
nal volume of 50 cm3 is used, which is only one third of the
volume used in commercial vaporizers (Gupta et al., 2009).

The septum injection port (c in Fig. 1) is used to intro-
duce liquid samples. A septum port is directly connected
to a branched glass tube of a Pyrex glass vacuum valve
(SDL valve, Koshin Rikagaku Co., Ltd., Tokyo, Japan).
The device is connected with a 3/8-inch Ultra-Torr adaptor.
Reference liquid water is injected using a plunger-in-needle
syringe (0.5BR-7, SGE Inc., Victoria, Australia). The valve
can be set to the ‘close’ position to stop leaking from the
septum port.

To prevent water adsorption (Dennis et al., 2001),
the entire line except the valve handles is maintained at
150 �C using three silicone cable heaters (100 W, 4 m)
wrapped with aluminum tape and regulated with three
controllers for the crusher, the trap, and the remaining part
of the line (chain-line frame in Fig. 1). The heater for the
cryogenic trap should be checked regularly and replaced
when damaged due to the large temperature difference
between �196 �C and 150 �C. All heated parts, except the
cryogenic trap, are covered with insulating material
(melamine foam).

2.1.2. Detector for determining of stable water oxygen and

hydrogen isotopes

The oxygen and hydrogen isotopic compositions were
determined by measuring water molecule isotopologues
using a CRDS (Picarro L2130-i) at the University of the
Ryukyus. This device functioned as the analyzer of the
experimental apparatus (Fig. 1). The vapor d18O and dD
were measured simultaneously. The hydrogen and oxygen
isotope ratios are reported using d notation, where
d = Rsample/Rstd � 1 and Rsample and Rstd denote the isotope
ratios (2H/1H and 18O/16O) of the sample and reference
material, respectively. d18O and dD data were obtained rel-
ative to Vienna Standard Mean Ocean Water (VSMOW)
for the inclusion water, precipitation, and drip water sam-
ples and were normalized to the Standard Light Antarctic
Precipitation (SLAP) values of ��55.5‰ for d18O
and �428‰ for dD.
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2.2. Procedure for inclusion water analysis

Before beginning the inclusion water analysis procedure,
Valves 1 and 2 were opened, Valve 3 was closed and Valve 4
was set at the ‘purge’ position. The CRDS was purged with
N2 gas until isotopic measurement. During measurement,
the sample chamber was connected to the CRDS with
Valve 4 switched to the ‘measure’ position, and the N2

gas supply was stopped. The sample vapor mixed with a
limited amount of N2 gas was slowly drawn through the
flow-control valve into the CRDS during acquisition using
a diaphragm pump. The peak shape was adjusted by
regulating the flow control valve. Once it was optimized,
the valve setting was maintained.

Chipped stalagmite subsamples were dried in a vacuum
at room temperature (24–26 �C) for 1 h before measure-
ment. The dried subsamples were placed in a crushing
device at 150 �C by opening the threaded valve stem while
Valve 2 was closed. The subsamples remained in the crusher
(a in Fig. 1) while Valves 1 and 2 were opened and Valve 3
was closed. Next, the crusher was evacuated for 30 min
until the pressure was <0.5 Pa, and the subsamples were
then crushed with Valve 2 open and Valves 1 and 3 closed.

After the released water was evaporated, the pressure
stabilized within 2 min. The temperature of the trap cham-
ber was maintained at 150 �C, except during the cryogenic
trapping process. Heating of the trap chamber (b in
Fig. 1) was stopped 10 s before immersion in liquid N2

for 10 min to trap the water vapor. Next, the crusher and
trap chamber were separated by closing Valve 2. Then,
the trap-chamber temperature was increased to �75 �C
using a dry-ice/ethanol slush to vaporize CO2. After
5 min, the released gas was evacuated by opening Valve 1,
and Valve 1 was closed after CO2 was pumped out. The
trapped water sample was evaporated and desorbed for
6 min at 150 �C by heating the trap chamber. Dry N2 gas
(99.99%) was introduced by opening Valve 3 for 0.010 s.
The pressure in the dilution/trap chamber after the admis-
sion of N2 was approximately 150,000–25,000 Pa. The pres-
sure is near the lowest pressure which the Picarro software
does not give a ‘‘low pressure” alarm during the data acqui-
sition process. The cavity pressure of the CRDS was always
maintained at 6665 Pa. The H2O/N2 mixture gas flow was
introduced from the dilution chamber/trap into the CRDS
analyzer using a pre-optimized flow control valve for an
8-min isotopic measurement by changing the position of
Valve 4 (‘measure’ position in Fig. 1).

During this measurement, the dry N2 gas supply was
separated from the CRDS and the dilution chamber/trap
line using Valves 3 and 4. The H2O/N2 gas mixture was
drawn from the chamber through a flow-control valve using
the diaphragm pump of the CRDS analyzer. After conduct-
ing measurements, Valve 4 was switched to the ‘purge’
position, and Valves 1 and 2 were opened to prepare the
line for the next measurement cycle. The CRDS analyzer
was purged with dry N2 gas until the next H2O/N2 mixture
was sent to the analyzer. Fifteen minutes after the purging
step, the H2O concentration was decreased to a background
level of 2–4 ppm.
The procedure used for the water samples was similar to
that used for the speleothem carbonate. Before introducing
the water sample, the crushing part was evacuated by
leaving Valves 1 and 2 open for 30 min. After Valve 1
was closed, the water sample (20–300 nL) was injected
through the septum while Valve 2 was opened. After injec-
tion, the injection port valve was closed to stop leakage
from the septum port. The subsequent cryogenic trapping
process and the remaining steps were identical to those
for the carbonate samples.

2.3. Working reference, data acquisition and calibration

For water isotope analysis, an instrumental memory
blank may result from the residuum of previous samples
(Gupta et al., 2009). A laboratory working water reference
OK11, d18O = �5.05‰ and dD = �28.21‰, was analyzed
before and after each sample measurement. Because the iso-
topic composition of the selected working standard OK11 is
comparable to that of local rainfall (Uemura et al., 2012),
the absolute bias introduced by the memory effect can be
reduced.

A full sequence of inclusion water measurements was
composed of one working water reference (OK11), one sta-
lagmite sample, and three OK11 references. An example of
a typical result is illustrated in Fig. 2a. Similar to the com-
mercial evaporation device (Gupta et al., 2009), the flat
parts of the d18O and dD peaks (average of 120 s;
n = 140) (Fig. 2b and c) were used to calculate the isotope
ratios. The isotopic data for inclusion water were calibrated
using the average of the three reference injections following
the inclusion measurement because they were size matched
to the sample. This method corrects for the CRDS isotope
dependence of the mixing ratio (e.g., Brand et al., 2009;
Gupta et al., 2009; Arienzo et al., 2013). The isotopic ratio
of the sample against VSMOW (dsa/VSMOW) can be
obtained from the followings:

dsa=VSMOW �10�3þ1¼ dsa=meas �10�3þ1

dWS=meas �10�3þ1
ðdWS=VSMOW �10�3þ1Þ

ð1Þ
where dsa/meas and dWS/meas are the measured isotope ratios
of the sample and the working reference standard, respec-
tively. The latter data include the calculated average of
the three reference water injections. dWS/VSMOW is the
isotope ratio of the working water reference relative to
VSMOW, which was pre-determined using the IRMS tech-
niques (Uemura et al., 2007). The effects of the volume of
water on dsa/meas and dWS/meas cancel out in this calculation.
Before this correction, the measured isotope ratios must be
corrected for the memory effect described in Section 2.4. All
data in the tables and figures were corrected for sample-size
effects, except those in Figs. 2 and 7.

The crushed stalagmite remained in the crushing device
during the reference water measurements to cancel out
possible isotope fractionation on the freshly crushed calcite
surface. The tests described in Section 3.1.3 demonstrated
that this protocol produced negligible fractionation of



Fig. 2. Inclusion water isotopic measurement sequence. (a) A sequence of water vapor concentration (upper panel), d18O (middle panel), and
dD (lower panel) measurements, including one reference water OK11, one stalagmite sample, and three OK11 reference water sample. The
example presented here is for subsample GYK2-L4b. Records are plotted for data smoothed over 60 s. Enlarged 4-min windows of raw (b)
d18O and (c) dD data. Two-minute plateau data were used to calculate the isotopic ratio, which was expressed as an average ± 1r.
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d18O due to the sorption of injected water onto the freshly
crushed calcite surface [also see Dennis et al. (2001) for
similar tests]. However, a small but significant isotopic bias
exists for dD. The correction for this adsorption effect for
dD is given in Section 3.1.3.

2.4. Correction for memory effect

For oxygen and hydrogen isotopic measurements of
water, previous studies (Olsen et al., 2006; Gupta et al.,
2009; Gröning, 2011) noted an inevitably significant instru-
mental memory effect requiring correction. The measured
isotopic value of the current ith injection, dCM,i, can be
written as follows:

dCM;i ¼ X � dPT þ ð1� X ÞdCT ð2Þ
where X is the memory coefficient of the ith injection, dCT is
the true value of the current water sample, and dPT is the
true value of the previous water sample. Practically, X =
(dCM, i � dCT)/(dPT � dCT) can be estimated by replicate
laboratory standard measurements until the memory effect
decreases significantly. To estimate the value of X, three
laboratory standards, OK11, DW11 (d18O = �8.54‰
and dD = �56.02‰) and SEA11 (d18O = �0.04‰ and
dD = 0.50‰) were injected sequentially. Different
aliquots of the water standards (30–250 nL) were used to
estimate the dependence of the X value on sample volume
(e.g., Olsen et al., 2006).

Before fluid inclusion measurements, the OK11 refer-
ence water was measured 4–6 times to obtain the value of
dPT. Because the d values depend on the mixing ratio, the
volume of water used for the dPT measurement should
match that of the subsequent fluid inclusion measurement.
The water content of the stalagmite sample can be
estimated in advance by measuring the pressure of the
inclusion water released from the stalagmite fragments of
20–100 mg that were collected when the subsamples were
cut from each layer. In this study, the difference between
the estimated and measured volume of water was 18
± 36% for the samples. The measured data, dCM, 1, were
corrected using the estimated X and dPT. Then, the dCT
value was calculated using Eq. (2).
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2.5. Sample

2.5.1. Stalagmite and farmed calcite samples

Gyokusen Cave (26� 80 2600N, 127� 440 5700E, 45 m in
elevation) is located on Okinawa Island, Japan, on the east-
ern border of the East Asian subtropical monsoon region.
An artificial entrance to this 5 km-long cave was excavated
for tourists in 1972. The modern annual mean (2010–2014)
air temperatures recorded at three nearby meteorological
stations (within a 10-km distance) were 21.3 ± 0.2 �C
(1r, hereafter), 23.1 ± 0.2 �C, and 23.3 ± 0.2 �C at Itokazu
(186 m in elevation), Naha (28 m in elevation), and
Ashimine (3 m in elevation), respectively.

Two calcite stalagmites, GYK7 and GYK8 (Fig. 3),
were collected in one chamber located 150 m from the arti-
ficial entrance and 900 m from the natural entrance.
Another stalagmite, GYK2, was collected at a site 300 m
from the artificial entrance and 700 m from the natural
Fig. 3. Photographs of three stalagmites collected from Gyokusen Cave. (
were taken and cut into 1–4 wedge-shaped chipped subsamples, as indica
stalagmites, five subsamples, L1-a to L1-e, were taken from both sides. (c
cut into six subsamples. Carbonate d18O and d13C and inclusion water d18

year ± 2r) of the layers and subsamples shown in red were determine
references to color in this figure legend, the reader is referred to the web
entrance. Modern active calcite samples (n = 14) were col-
lected on glass plates at the stalagmite GYK8 point every
1–2 months from June 2011 to December 2012. The relative
humidity in the two chambers was 95–100%, and the mean
annual (2010–2012) temperature o at GYK7 and GYK8
sites was 23.4 ± 0.5 �C.

Stalagmite GYK2 was cut into quarters, and GYK7 and
GYK8 were halved. In total, eight subsamples of the three
stalagmites (Fig. 3) were dated using U–Th techniques
(Shen et al., 2003, 2012). Four powdered subsamples were
drilled from GYK2 (Fig. 3a). Two chipped subsamples
were taken from both GYK7 and GYK8 (Fig. 3b and c).
The chipped subsamples (100–277 mg) were crushed into
10- to 30-mg segments and physically cleaned by ultrason-
ication with deionized water 4–5 times (Shen et al., 2008).
Chemical preparation (Shen et al., 2003) was performed
on a class-100 clean bench in a class-10,000 clean room.
U–Th isotopic compositions and concentrations (Table 1)
a) From a quartered section of stalagmite GYK2, six layers, L1–L6,
ted in the schematic illustration for L6. (b) For the halved GYK7
) For half section of stalagmite GYK8, one layer of GYK8-L2 was
O and dD were measured for all subsamples. The U–Th dates (unit:
d. The horizontal bars represent 1 cm. (For interpretation of the
version of this article.)
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were determined using a multi-collection inductively
coupled plasma mass spectrometer (MC-ICP-MS),
NEPTUNE, Thermo-Fisher, at the High-Precision Mass
Spectrometry and Environment Change Laboratory
(HISPEC) of the Department of Geosciences at National
Taiwan University (Shen et al., 2012). The uncertainties
of the U–Th ages relative to the chemistry date, December
2013, are two standard deviations (2r).

For carbonate d18O analyses, 29 powdered subsamples
(19 from six layers of GYK2, five from one layer of
GYK7, and five from one layer of GYK8) were extracted
from the same layers for water inclusion analysis (Table 2
and Fig. 3). Six coeval subsamples were drilled at 20.5,
24.5, 306.5, 313.0, 317.5, and 321.5 mm from the top of
stalagmite GYK2 for the Hendy Test (Hendy, 1971) to
evaluate whether the formations were deposited under
oxygen isotopic equilibrium conditions. The collected glass
plate calcite samples were also measured.

Stalagmite carbonate subsamples were measured using
an isotope ratio mass spectrometer (IRMS, Thermo
DELTA V Advantage) equipped with a Thermo Gasbench
II system at the University of the Ryukyus. Powdered sub-
samples of 150–200 lg were reacted with 100% phosphoric
acid at 72 �C in septa-capped vials before measuring the
released CO2. The d18O value for carbonate is relative to
the Vienna Pee Dee Belemnite (VPDB) standard unless
otherwise noted. The 1r reproducibility for the analysis of
the carbonate standard NBS19 over six months was
±0.04‰ for d18O and ±0.03‰ for d13C.

Coeval subsamples were prepared to evaluate the
reproducibility of the inclusion water measurements. Chips
(200–1500 mg) were subsampled from six layers of GYK2,
one layer of GYK7, and one layer of GYK8 (Fig. 3).
Each chip was cut into 2–5 coeval subsamples with weights
of 77–286 mg for the isotopic measurements of the water
(Table 2).

2.5.2. Rainfall and drip water samples

A 20-ml bottle of drip water was collected every
1–2 months from beneath 15–20 stalactites located <5 m
from the GYK7 and GYK8 sites (called ‘‘site A”);
Thirty-one bottles were gathered from February 2010 to
December 2012. Drip water samples (n = 24) were collected
every 1–2 months from June 2010 to December 2012 under
one stalactite located 15 m from the GYK8 site (called ‘‘site
B”). Local rainfall samples were collected every week from
April 2011 to July 2012 for the d18O and dD measurements.

The d18O and dD values of the drip water and rainfall
samples were determined using a Picarro L2120-i CRDS
equipped with a V1102-i evaporator at the University of
the Ryukyus. The uncertainty of the working water
standard OK11 over the analysis course was ±0.08‰ for
d18O and ±0.26‰ for dD. To evaluate possible interference
by organic material, 16 drip water samples were also mea-
sured by conventional IRMS with an equilibration method
(Uemura et al., 2007) at the National Institute of Polar
Research (NIPR), Japan, and at the Japan Oil, Gas and
Metals National Corporation (JOGMEC). The 1r analyti-
cal precision of the IRMS was ±0.05‰ for d18O and
±0.5‰ for dD.



Table 2
Reproducibility tests for the dD and d18O values of inclusion water and the d18O and d13C values of calcite.

Inclusion water Stalagmite calcite

ID CaCO3 (mg) Vapor (ppmv) Water amount (nL) H2O/CaCO3 (nL/mg) dD
(‰, VSMOW)

d18O
(‰, VSMOW)

d18O
(‰, VPDB)

d13C
(‰, VPDB)

T (�C) DT (�C,
relative
to modern)

GYK2

L1 a 84 6964 70 0.77 �24.5 �6.15 �5.55 �12.96 18.5 �3.9
L2 c 173 6679 70 0.38 �23.1 �5.88 �5.47 �12.02 19.5 �3.0

L3 b 93 8072 80 0.86 �23.0 �5.79 �4.26 �12.35 14.1 �8.4
c 87 5477 50 0.57 �23.0 �5.57 �4.23 �11.45 14.9 �7.5

Mean �23.0 �5.68 �4.25 �11.90 14.5 �7.9
SD ±0.0 ±0.15 ±0.02 ±0.64 ±0.6 ±0.6

L4 a 85 26,062 240 2.82 �29.3 �6.12 �3.67 �10.66 9.8 �12.7
b 84 11,620 130 1.55 �27.7 �6.06 �4.05 �11.07 11.8 �10.7
c 77 19,481 200 2.60 �29.7 �6.60 �3.91 �10.79 8.6 �13.8
d 99 17,329 180 1.82 �26.6 �6.17 �3.85 �11.00 10.3 �12.1

Mean �28.3 �6.24 �3.87 �10.88 10.1 �12.3
SD ±1.5 ±0.25 ±0.16 ±0.19 ±1.3 ±1.3

L5 a 112 18,681 180 1.61 �30.3 �6.38 �4.16 �11.36 10.8 �11.7
b 121 26,287 260 2.15 �33.1 �6.32 �4.20 �11.68 11.2 �11.2
c 114 23,658 230 2.02 �32.9 �6.41 �3.85 �10.64 9.2 �13.2

Mean �32.1 �6.37 �4.07 �11.23 10.4 �12.0
SD ±1.6 ±0.05 ±0.19 ±0.53 ±1.1 ±1.1

L6 a 116 12,518 140 1.21 �26.5 �5.34 �4.68 �12.15 18.3 �4.2
b 124 22,905 210 1.69 �32.8 �6.48 �4.42 �12.02 11.5 �10.9
c 87 19,392 200 2.30 �32.4 �6.34 �4.37 �12.15 11.9 �10.5
d 104 15,086 160 1.54 �30.1 �5.91 �4.58 �11.34 15.0 �7.5

Mean �30.4 �6.02 �4.51 �11.92 14.2 �8.3
SD ±2.9 ±0.51 ±0.15 ±0.39 ±3.1 ±3.1

GYK7

L1 a 286 9762 100 0.35 �41.7 �6.61 �6.43 �7.24 20.6 �1.9
b 236 6069 60 0.25 �40.0 �6.71 �6.51 �7.19 20.5 �1.9
c 239 8102 80 0.33 �37.6 �5.42 �6.50 �7.34 27.0 4.6
e 256 7792 80 0.31 �40.7 �6.62 �6.62 �7.57 21.5 �0.9

Mean �40.0 �6.34 �6.51 �7.34 22.4 0.0
SD ±1.7 ±0.61 ±0.08 ±0.17 ±3.1 ±0.6

GYK8

L2 a 203 12,824 130 0.64 �34.1 �5.99 �6.26 �5.99 22.8 0.4
c 162 10,293 100 0.62 �32.1 �6.20 �6.47 �5.43 22.8 0.4
d 219 13,521 140 0.64 �35.1 �6.19 �5.92 �6.29 20.1 �2.3
e 171 12,618 120 0.70 �32.4 �5.72 �6.25 �5.66 24.2 1.8
f 157 10,200 100 0.64 �33.2 �5.98 �6.13 �6.66 22.3 �0.2

Mean �33.4 �6.02 �6.20 �6.01 22.5 0.0
SD ±1.3 ±0.20 ±0.20 ±0.49 ±1.5 ±1.5

The variation of each layer is shown with standard deviation (1r). Water amounts of GYK2-L1b, L2a, L2b, L3a, and GYK7L1-d were below the limit of quantification (<50 nL). GYK8-L2b was
used for a different experiment. Temperature was calculated using a oxygen isotope fractionation factor (Coplen, 2007).
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Fig. 4. Comparison of the sensitivities of our device and a
commercial evaporator. The plot of the generated water vapor
level (ppmv) versus the injection volume illustrates the different
sensitivities of the device (circles) and a commercial evaporator,
V1102-i (Picarro Inc.) (squares). A high concentration of
10,000 ppmv can, for example, be produced using only 100 nL of
water in our developed system, while the V1102-I evaporator
requires a volume of 1000 nL.

Fig. 5. Memory coefficient for d18O and dD against the amount of
water. (a) Memory coefficient, X, for the first (solid square), second
(triangle), and third (circle) injections. Error bars represent the
standard deviation of the mean. The dashed line is the best fit curve
for the X values of the first injection. The chain and two-dot chain
lines are average X values of the second and third injections. (b)
Same as panel (a) but for dD. Dashed, chain, and two-dot chain
lines represent the best fit curves for the X values of the first,
second, and third injections, respectively.
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3. RESULTS AND DISCUSSION

3.1. Performance evaluation of the developed techniques

3.1.1. Liquid water injection test

The sensitivity of the water vapor content is plotted in
Fig. 4. Our evaporation device produced sufficient vapor
concentrations using small volumes of liquid water. The
vapor level of 10,000 ppmv generated from only 100 nL
of water was 10 times higher than that generated by the
commercial evaporator Picarro V1102-i. This improved
sensitivity was achieved by a combination of small gas
expansion chamber and low N2-gas dilution pressure
(Fig. 1).

3.1.2. Memory effect

The memory effect of the first to third injections is illus-
trated in Fig. 5. The memory coefficient, X, decreased expo-
nentially as reference water was sequentially injected. At
150 nL, the X values of the first injection were 29.3
± 2.3% for dD and 6.9 ± 0.9% for d18O. The memory effect
of dD was four times larger than that of d18O, similar to the
observations from the CRDS system (Gupta et al., 2009). A
6.9% memory for d18O, for example, can result in a bias of
0.069‰ in the first injection, dCM, 1, if the difference
between the true values, dPT � dCT, is 1‰.

For d18O, the X values of the first injection increased
from 7% to 23% as the volume of water decreased from
150 nL to 30 nL (Fig. 5a). This memory effect trend for
the first injection can be described using an empirical expo-
nential equation (X = 0.047 nL�0.234, R2 = 0.88) for water
volumes of 50–250 nL. The trends for second and third
injections were not significant (Fig. 5a); thus, average val-
ues of 3.9% and 2.4% were used. For dD, the systematic
trends of X were significant (Fig. 5b). The largest value of
56.3% was observed at the lowest volume of water, 30 nL.
The X values for the first, second and third injections
can be best described by exponentially fitting the volumes
of water from 50 to 250 nL. The empirical curves
are X = 0.186 nL�0.239 (R2 = 0.93), X = 0.056 nL�0.430

(R2 = 1.00), and X = 0.030 nL�0.402 (R2 = 0.78), for the
first, second, and third injections, respectively.

3.1.3. Water adsorption test

Inclusion water d18O and dD measurements can be
biased by the adsorption of water on the carbonate surface
(Dennis et al., 2001). We evaluated the influence of this
effect by measuring the d18O and dD values of the reference
water, OK11, for different water/calcite ratios. Different
volumes of reference water (20–300 nL) were injected
through the injection port with granulated and dried
stalagmite subsamples placed in the crushing device. The
injected water vapor interacted with the dried stalagmite



Fig. 6. Reproducibility tests of the isotope analyses with different water/calcite ratios and water volumes. (a) A plot of d18O versus the
water/calcite ratio (nL/mg). Colored symbols denote different injected volumes (nL) of the reference water OK11. (b) A plot of d18O versus the
injected reference water volume (nL). The colored symbols represent different water/calcite ratios (nL/mg; colored bar). (c) and (d) Same as
panels (a) and (b) but for dD. The horizontal dashed lines are the isotopic ratios of the reference water OK11. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Relationship between the measured d18O and dD values
and the vapor concentration. Significant decreasing trends of raw
d18O (circles) and dD (squares) data, particularly for water vapor
levels <10,000 ppmv, should be corrected. The equivalent amount
of water (nL) is given in the upper X-axis.
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(26–483 mg) for 2 min. The trap chamber was maintained
at 150 �C to prevent the adsorption of vapor to the cham-
ber surface. Then, the vapor was trapped cryogenically
for processing as described in Section 2.2.

The results from evaluating the influences of the adsorp-
tion of the working reference water OK11 onto the granu-
lated calcite are illustrated in Fig. 6. The d18O values under
different water/calcite ratios (0.04–3.85 nL/mg) and vol-
umes of water (20–300 nL) are plotted in Fig. 6a and b,
respectively. The overall variability of multiple water mea-
surements (n = 15) was ±0.21‰ for d18O over the entire
range of water/calcite ratios. Linear and second-order poly-
nomial fittings did not yield significant correlations
(R2 < 0.05 for both the water/calcite ratio and the volume
of water). Thus, the measured water d18O value does not
depend on the water/calcite ratio or on the volume of
water. No significant adsorption effect was observed, even
for water/calcite ratios <1 nL/mg.

The dD values of the working reference OK11 are plot-
ted in Fig. 6c and d. Despite correcting for the volume of
water (Section 2.3), the dD data clearly exhibit a systematic
offset for sample volumes <50 nL (Fig. 6d). A second-order
polynomial fitting (dD = 9.87 � 10�5 x2 – 3.97 � 10�2

x � 24.13, where x is the volume of water in nL) indicated
a significant correlation (R2 = 0.69) between dD and the
volume of water. The measured dD values were corrected
for this adsorption effect using polynomial fitting. The 1r
variability of the corrected dD data was ±0.8‰ (n = 15)
over the entire range of water/calcite ratios.

The worst reproducibility, ±0.35‰ for d18O and ±1.2‰
for dD, was observed for the smallest volume of water
(20 nL, equivalent to 3000 ppmv) (Fig. 6). This low
reproducibility can be attributed to the isotopic dependency
on the vapor content (e.g., Brand et al., 2009; Arienzo et al.,
2013) and the correction scheme described in Section 2.3.
The relationship between the measured raw d18O and dD
data and the water vapor concentration of OK11 water
over a five-day course in April 2014 is presented in Fig. 7.
No significant difference was observed in the measured
d18O data for water vapor contents >10,000 ppmv, but
the d18O value decreased with a slope of 0.37‰/1000 ppmv
for water levels <10,000 ppmv. In addition, the measured
dD value decreased with a slope of 2.6‰/1000 ppmv when
the water level was <10,000 ppmv. These steep decreasing



Fig. 8. Oxygen and hydrogen isotope ratios of rainfall, drip water,
and inclusion water. (a) d18O data for monthly rainfall [data during
April 2008–March 2011 from Uemura et al. (2012)] (black line),
drip water samples at site A (squares) and site B (triangles), and
inclusion water samples of stalagmite GYK7-L1 (red circle) and
GYK8-L2 (orange circle). The horizontal zone with dashed purple
lines indicates the weighted average precipitation d18O (AD 2009–
2012) with 2r variability. (b) Same as panel (a) but for dD. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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trends increase the uncertainty of the corrected isotope
ratios.

3.1.4. Spectral interference

Recent studies have suggested that organic contami-
nants can interfere with CRDS measurements (West
et al., 2010; Schultz et al., 2011; Zhao et al., 2011).
Speleothems can be deposited with organic material
(McGarry and Baker, 2000; Blyth et al., 2008) and gases,
including N2, O2, CO2, CH4 and noble gases, which can
be released by the thermal decomposition of carbonate
(Verheyden et al., 2008). Drip water also contains complex
organic compounds, such as humic and fulvic acid colloidal
molecules (e.g., Tatár et al., 2004).

The differences between CRDS drip water isotopic data
measurements and conventional IRMS data measurements
were +0.07 ± 0.08‰ (n = 16) for d18O and +0.1 ± 0.4‰
for dD (n = 7). The experimental results indicated that this
interference was insignificant for our inclusion measure-
ments. In addition, the amount of gas emitted from the
stalagmites during the �75 �C purification process
(Section 2.3) was <0.2 Pa, extremely small compared with
the range of 71.5–616.0 Pa for the samples. The contamina-
tion indices, including CH4, the baseline shift, and the slope
shift of the CRDS analyzer, did not differ significantly
between the fluid inclusion and reference water measure-
ments. Therefore, spectral interference did not significantly
bias the isotopic analyses of our stalagmite inclusion water
samples.

3.1.5. Reproducibility of the inclusion water measurements

The volume of water released from the stalagmite sam-
ples (77–286 mg) ranged from 20 to 260 nL. Compared with
typical water content values of 0.01–0.5 wt% (Schwarcz
et al., 1976; McDermott et al., 2005), the water contents
of our samples (0.03–0.28 wt%) were intermediate. Because
the evaluation of the memory effect (Fig. 5), the adsorption
of water onto carbonate surfaces (Fig. 6), and the
dependence of isotope ratios on the volume of water
(Fig. 7) indicated large errors when aliquots of water
<50 nL were analyzed, we considered 50 nL the limit of
quantitation. Measured isotopic data for speleothem sam-
ples using less than 50 nL of water are not reliable. Thus,
five of the 29 subsamples with water volumes <50 nL
(Table 2) were excluded.

Stable hydrogen and oxygen isotopic measurements of
coeval stalagmite subsamples are summarized in Table 2.
The magnitudes of the corrections for the memory effect,
dCT � dCM,1, ranged from �0.20 to �0.02‰ (�0.10‰ on
average) for d18O and from �4.9 to 2.1‰ (�0.9‰ on
average) for dD. The 1r reproducibility values of each layer
ranged from 0.05 to 0.61‰ for d18O and from 0.0 to 2.9‰
for dD (Table 2). The overall average reproducibility of the
repeated stalagmite measurements was ±0.33‰ for d18O
and ±1.6‰ for dD. This d18O precision is superior to the
value of ±0.5‰ that reported for a recently developed
CRDS method (Arienzo et al., 2013) and is comparable
to the value of ±0.3–0.5‰ obtained using IRMS techniques
(Dennis et al., 2001; Vonhof et al., 2006; Dublyansky
and Spotl, 2009). The precision of the dD analysis was
comparable to previously observed precisions of ±1.5–3‰
(Dennis et al., 2001; Vonhof et al., 2006; Dublyansky and
Spotl, 2009; Arienzo et al., 2013).

One of the most important advantages of our developed
technique is its reliance on a small sample size of 50–
260 nL, which is considerably smaller than the sample sizes
of 0.1–1.0 lL used in previous IRMS techniques (Dennis
et al., 2001; Vonhof et al., 2006; Dublyansky and Spotl,
2009) and 0.4–1.2 lL used in previous CRDS techniques
(Arienzo et al., 2013; Affolter et al., 2014). However, a rou-
tine measurement time of 7 h is required for a full measure-
ment sequence, which is longer than the 1–2 h required for
the previously described CRDS method (Arienzo et al.,
2013). The reproducibility of the d18O and dD measure-
ments of speleothem inclusion water could be specimen
and site specific due to the diversity of speleothem micro-
domain structures and inclusion formation (e.g., Dennis
et al. (2001)).

3.1.6. Comparison of the speleothem inclusion water and

modern drip water

The accuracy of our analytical method was evaluated by
comparing the isotopic composition of modern drip water
with that of inclusion water from active stalagmite deposi-
tion. The isotope ratios of the drip water, inclusion water,
and rainfall are presented in Fig. 8. The arithmetic d18O
average of the drip water samples collected at site A was
�5.37 ± 0.18‰. The mean (February 2010–December
2012) of all drip water d18O data, which ranged from
�6.20‰ to �5.01‰, was �5.59 ± 0.29‰. The dD values
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varied from �28.2‰ to �37.3‰, with an average of �32.5
± 2.2‰. These results are consistent with the rainfall-
weighted annual (2009–2012) averages of �5.83 ± 0.57‰
for d18O and �34.0 ± 4.7‰ for dD.

Contemporary (2010–2012) d18O and dD values of inclu-
sion water for active stalagmite deposition with a thickness
of <0.06 mm are not measureable. The two most recently
measured layers are GYK7-L1 and GYK8-L2, which
have U–Th dates of 7–37 and 56–69 years, respectively
(Table 1). The d18O values of inclusion water samples were
�6.34 ± 0.61‰ for GYK7-L1 and �6.02 ± 0.20‰ for
GYK8-L2 (Fig. 7a). Considering that the d18O variability
of annual mean precipitation is ±0.57‰, the slight offsets
of �0.75 ± 0.68‰ and �0.43 ± 0.35‰, respectively, from
drip water values are insignificant.

The dD data for the inclusion water were �40.0 ± 1.7‰
for GYK7-L1 and �33.4 ± 1.3‰ for GYK8-L2 (Fig. 7b).
Considering that the dD variability of annual mean precip-
itation is ±4.7‰, the respective differences, �7.5 ± 2.8‰
and 0.8 ± 2.5‰, from mean drip water were insignificant.
A reported analytical offset between inclusion water and
drip water values of 20–30‰ for dD for thermal decomposi-
tion method (Yonge, 1982; Goede et al., 1986; Matthews
et al., 2000; McGarry et al., 2004) was not observed. Our
Fig. 9. Hendy test for the GYK2 stalagmites. (a) Coeval subsample d13C (
blue), L3 (red), L4 (green), L5 (purple), and L6 (light blue). (b) Corre
coefficients. (For interpretation of the references to color in this figure le
results are consistent with recent studies that have reported
that the values of the d18O and dD for inclusion water cor-
respond well with the cave drip water values (Dennis et al.,
2001; Genty et al., 2002; Fleitmann et al., 2003; Demeny and
Siklosy, 2008; van Breukelen et al., 2008; Zhang et al., 2008;
Dublyansky and Spotl, 2009; Griffiths et al., 2010).

Comparison of stable isotope ratios between drip water
observation and fluid inclusion analysis is limited by their
natural spatial and temporal variabilities. Arienzo et al.
(2013) reported an inter-laboratory difference of 0.7‰ for
d18O and 2.5‰ for dD for speleothem inclusion water anal-
ysis. Such discrepancies could be attributed to decrepitation
during heat drying process (e.g., Dublyansky and Spotl,
2009) or isotope exchange between inclusion water and host
calcite. A systematic inter-laboratory calibration program
with diverse stalagmite types should be conducted to
minimize any possible technical biases.

3.2. Application to paleoclimate reconstruction

3.2.1. Hendy test

Coeval d13C and d18O data for six layers of the stalag-
mite GYK2 are plotted in Fig. 9a. For layers L1, L2, L3,
and L6, only small d18O variations of ±0.12–0.14‰ (±1r)
circles) and d18O (triangles) data for six layers: L1 (black), L2 (dark
lations between the d13C and d18O data with regression lines and
gend, the reader is referred to the web version of this article.)
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were observed despite the relatively large d13C variations of
±0.14–0.53‰. Although correlations (R2 = 0.20–0.43) of
coeval d18O and d13C data were observed (Fig. 9b), the
small d18O variations of indicate that the carbonates were
deposited at near an oxygen isotope equilibrium conditions
and less affected by kinetic effects.

For layers L4 and L5 of the stalagmite GYK2, clear
enrichment trends of approximately 0.5‰ for d18O and
1.0‰ for d13C occurred outward at distances of 5–7 to
10 mm from the central growth axis (Fig. 9a). The strong
d13C–d18O correlations (Fig. 9b) for L4 (d13C =
Fig. 10. Oxygen and hydrogen isotope ratios of the inclusion water, coev
d18O values of the inclusion water. (c) Coeval stalagmite d18O data. (d) Ca
water and stalagmites. Red, orange, green, and blue circles denote subsam
The black vertical bars in (a) and (b) are the 1r ranges of dD and d18O fo
range and calculated cave temperature for in situ farmed calcite, respecti
biased temperature data for the kinetically fractionated stalagmite GYK2-
isotope ratios of the modern drip water and farmed calcite. The red, green
temperature values for the modern era, the early Holocene, and the last
color in this figure legend, the reader is referred to the web version of th
1.42 � d18O � 5.5, R2 = 0.83) and L5 (d13C = 1.53 �
d18O � 4.7, R2 = 0.83) demonstrate that the d18O and
d13C values for the marginal subsamples were both signifi-
cantly affected by kinetic fractionation (e.g., Hendy, 1971;
McDermott, 2004; Wiedner et al., 2008; Lachniet, 2009;
Mühlinghuas et al., 2009). Different isotope fractionation
behaviors between the layers of L3, L4, L5, and L6 suggest
that the kinetic effect was variable within several hundred
years, probably attributable to changes in precipitation rate
(Dietzel et al., 2009; Day and Henderson, 2011) and/or drip
interval (Mühlinghuas et al., 2009).
al stalagmites, and inferred cave paleotemperature. (a) dD and (b)
ve temperature inferred from the coeval d18O values of the inclusion
ples of GYK7, GYK8, GYK2-L1–2, and GYK2-L3–6, respectively.
r modern drip water. The black squares in (c) and (d) are the d18O
vely. The hollow squares in (c) and (d) denote the d18O values and
L4 and L-5. The horizontal black dashed lines represent the average
, and blue horizontal dashed lines in panel (d) represent the average
glacial period, respectively. (For interpretation of the references to
is article.)



Fig. 11. dD-d18O plot of fluid inclusions, drip water and Meteoric
Water Lines. Isotope ratios of inclusion water of modern stalag-
mites GYK7-L1 (red circle) and GYK8-L2 (orange circle), Early
Holocene samples GYK2 L1 and L2 (green circles), and the last
glacial period samples GYK2 L3–L6 (blue circles). Green and blue
crosses indicate drip water data at site A and B, respectively. The
dashed red and blue lines are the summer LMWL and winter
LMWL, respectively. The black line is the GMWL. (For interpre-
tation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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For the GYK7-L1 and GYK8-L2 coeval subsamples, a
small d18O variation of ±0.08–0.20‰ was observed. Com-
bined with the absence of outward shifting from the central
growth axis of d18O and d13C data (Table 2 and Fig. 3), the
kinetic fractionation of the two layers is insignificant.

3.2.2. d18O data for stalagmite inclusion water and carbonate

The dD and d18O data for stalagmite inclusion water
and the corresponding values of carbonate d18O values
are illustrated in Fig. 10. The highest inclusion water dD
values of �25 to �23‰ for GYK2-L1 and L2 occurred at
9–10 ka during the early Holocene. These values are
approximately 10‰ higher than the values of �40 to
�33‰ observed for the decade-old GYK7-L1 and
GYK8-L2, and the values of �28 to �37‰ observed for
the drip water samples (Fig. 10a). The dD values vary from
�32‰ to �23‰ in the four subsamples (GYK2-L3-L6)
dated at 26 ka from the last glacial period.

The inclusion water d18O data (�6.15‰ for GYK2-L1
and �5.88‰ for GYK2-L2) from the early Holocene are
comparable to modern stalagmite and drip water values
(Fig. 10b). For the last glacial subsamples (GYK2-L3-
L6), the inclusion water d18O values varied from �6.37‰
to �5.68‰ and co-varied with the dD data (Fig. 10a and b).

The carbonate d18O values obtained from the modern
stalagmite subsamples GYK7-L1 and GYK8-L2 were
�6.53‰ and �6.20‰, respectively, 0.7–1.0‰ lower than
the d18O value of the in situ farmed calcite of �5.50‰
(Fig. 10c). The early Holocene samples exhibit d18O values
of �5.62‰ for GYK2-L1 and �5.60‰ for GYK2-L2. The
last glacial samples express high d18O values of �4.25‰ for
GYK2-L3 and �4.51‰ for GYK2-L6. The two glacial lay-
ers (GYK2-L4 and L5) exhibited the highest d18O values of
�3.87‰ and �4.07‰, respectively, which were biased by
the kinetic fractionation effect (Section 3.2.1).

The stalagmite inclusion water data provide direct evi-
dence for changes in paleo-rainfall isotope composition.
The averaged d18O values obtained for the last glacial per-
iod insignificantly differ from the modern sample values by
0.05 ± 0.57‰. The glacial seawater 18O was enriched by
0.93‰ due to advancements in the ice sheet (Bintanja and
van de Wal, 2008). After correcting for this ice volume fac-
tor, the last glacial rainfall d18O values are only 0.88
± 0.57‰ lower than those of the modern samples. An
atmospheric general circulation model (Tharammal et al.,
2013) and a compilation of proxies and models (Jasechko
et al., 2015) revealed a small glacial-modern difference of
<2‰ in rain water d18O in the region surrounding the
Ryukyu Islands. Therefore, the small changes in the inclu-
sion d18O data from the last glacial period to modern times
are generally consistent with the model and observation.

3.2.3. dD-d18O plot for inclusion water

The dD and d18O values of inclusion water, drip water,
and rain water are plotted in Fig. 11. The local meteoric
water line (LMWL) for winter (DJF) (dD = 8.46 d18O
+ 20.66, R2 = 0.91) has a larger intercept than for summer
(JJA) LMWL (dD = 8.33 d18O + 11.88, R2 = 0.97). The
different local meteoric water lines represent hydrological
features in East Asian Monsoon (EAM) systems (Uemura
et al., 2012). During the winter, a dry air mass from the
continent flows over the warm Kuroshio Current in the
East China Sea, and moisture is substantially recharged.
This rapid evaporation under low relative humidity
conditions over the ocean surface explains the high average
d-excess value of 19‰ (Merlivat and Jouzel, 1979; Uemura
et al., 2008). In the summer, the d-excess value is near the
global average of 10‰ due to the vapor source of summer
precipitation originated from the Western Pacific Warm
Pool.

Because the local winter rain has a high d-excess value,
the drip water and fluid inclusion data lie above the global
meteoric water line (GMWL; dD = 8 d18O + 10) (Fig. 11).
The isotope data for modern stalagmite inclusion water
samples did not differ significantly from those of rain water
(Section 3.1.6) and plotted within the annual rainwater
variability (Fig. 11). Isotopic data for the stalagmite sam-
ples GYK2-L1 and L2 from the Early Holocene and
GYK2-L3 and L6 from the LGM are depicted for the win-
ter LMWL with high d-excess values (Fig. 11). Note that
further evaluation of the accuracy of both d18O and dD
(Section 3.1.6) is required for interpretation of the absolute
value of d-excess. We speculate that the systematic offset
from the modern values would be caused by a changes in
winter/summer rainfall amount ratio.

3.2.4. Evaluation of modern d18O thermometers

Schwarcz et al. (1976) first proposed that the speleothem
formation temperature could be determined from oxygen
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isotope fractionation factor between the inclusion water
and the coeval enclosing carbonate under equilibrium.
The widely accepted fractionation factor is based on inor-
ganic precipitation experiments (Kim and O’Neil, 1997;
Kim et al., 2007). Coplen (2007) provided an equation
based on single data point from Devil’s Hole. Recent obser-
vations of drip water and calcite provided an empirical rela-
tionships (e.g., Demeny et al., 2010; Tremaine et al., 2011;
Fairchild and Baker, 2012) (Fig. 12).

The d18O data from the farmed active calcite and drip
water samples were used to evaluate the modern oxygen
isotope fractionation behavior in Gyokusen Cave. The
averaged d18O of the calcite precipitated on glass plates
was �5.50 ± 0.38‰. The equation of Coplen (2007) pro-
vides an temperature value of 22.4 ± 2.2 �C, which matches
the observed value of 23.4 ± 0.5 �C (Fig. 12). The other
equations by Kim et al. (2007) and Tremaine et al. (2011)
provide lower temperatures of 20.3 ± 2.3 �C and 15.6
± 2.0 �C, respectively. The limited in-situ experiment data
show that the isotope fractionation behavior in Gyokusen
Cave follows (1) the equation proposed by Coplen (2007),
or (2) the empirical relationship given by Tremaine et al.
(2011) with an additional �0.5‰ kinetic effect. Future esti-
mates of the fractionation factor should employ larger
Fig. 12. 1000 ln a vs. temperature plot. The black square represents
the calcite–water oxygen isotope fractionation factor of the farmed
calcite at present-day cave temperature at this study site. Circles
indicate the calcite vs. fluid-inclusion fractionation factor for
modern stalagmites against the observed temperature during their
growth periods, GYK7-L1 (red) and GYK8-L2 (orange circle). The
dashed black line is the fractionation factor calibrated at the Devils
Hole observation (Coplen, 2007). The green circle represents the
fractionation factors observed at various caves with the best fit
curve (green dashed line) (Tremaine et al., 2011). The blue dashed
line is the fractionation factor based on laboratory experiment
(Kim and O’Neil, 1997). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version
of this article.)
numbers of farmed samples because the kinetic effects vary
locally (Mickler et al., 2004).

Past isotopic fractionation behavior in the cave can be
evaluated using the decades-old stalagmite data for
GYK7-L1 and GYK8-L2. The calculated 1000 ln a values
based on calcite and fluid inclusion measurements were
30.28 ± 0.61‰ for GYK7-L1, which formed in 1971–
2009, and 30.26 ± 0.30‰ for GYK8-L2, which had a
deposition interval of 1934–1970. Meteorological data at
the Naha station indicate annual temperature averages of
22.9 ± 0.5 �C and 22.2 ± 0.4 �C for the GYK7-L1 and
GYK8-L2 formation periods, respectively. These data
points overlap with the farmed calcite, suggesting that no
significant temporal changes in the isotopic fractionations
occurred in previous decades (Fig. 12).

3.2.5. Paleotemperature reconstruction for the early

Holocene and last glacial period

The temperature-dependent equation for calcite–water
isotope fractionation in caves has been debated (Dietzel
et al., 2009; Mühlinghuas et al., 2009; Demeny et al.,
2010; Day and Henderson, 2011). Different equations have
been applied for different caves (Affek et al., 2008; Griffiths
et al., 2010; Labuhn et al., 2015). Fortunately, the temper-
ature offset between past and modern times (DT) can be
determined using a slope of 1000 ln a/T. For temperatures
between 15 and 25 �C, the slopes range from �0.19 to
�0.21‰/�C (Fig. 12). The DT uncertainty caused by differ-
ent slopes is only ±0.4 �C between modern and the last
glacial period.

The DT calculated using Coplen’s equation versus age is
depicted in Fig. 10d. The Early Holocene (9–10 ka) cave
temperature values for GYK2-L1 and L2 are 3.4 ± 0.7 �C
lower than the average temperatures for the two modern
layers GYK7-L1 and GYK8-L2. Different fractionation
factors of Kim and O’Neil (1997) and Tremaine et al.
(2011) provided indistinguishable DT values of �3.2
± 0.4 �C and �3.7 ± 0.7 �C, respectively.

For the last glacial period, the inferred cave temperature
data from four subsamples of GYK2-L3–6 exhibit an
apparently large variability of 4 �C, attributed to the kinetic
fractionation in the two layers GYK2-L4 and L5 (Fig. 9,
Section 3.2.1). After excluding the two biased DT values,
the average DT value for GYK2-L3 and GYK2-L6 was
�8.2 ± 2.4 �C (Fig. 10d).

Marine sediment proxy records indicated a sea surface
temperature (SST) of 0.5–1 �C colder conditions during
the Early Holocene relative to modern conditions (Jian
et al., 2000; Lin et al., 2006; Yu et al., 2008). For the glacial
period, the SST in the East China Sea at 26 ka are 3–4 �C
lower than those estimated for the late Holocene (Xu and
Oda, 1999; Ijiri et al., 2005; Yu et al., 2009). The fluid
inclusions-based terrestrial temperature estimations for
the two periods of 9–10 and 26 ka are 2–3 and 3–5 �C
lower, respectively, than the corresponding SSTs. However,
an ocean sediment core from the East China Sea showed
that asynchronous marine and terrestrial changes (Xu
et al., 2013). It suggests that the cave-derived temperature
data could not be simply compared with marine record.
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4. CONCLUSIONS

A precise and accurate procedure for measuring the
d18O and dD values of stalagmite inclusion water was
developed after carefully addressing several issues, includ-
ing water/carbonate adsorption, spectral interference, and
sample extraction. This method is reproducible and only
requires 50–260 nL of inclusion water from 77 to 286 mg
of stalagmite carbonate samples from Gyokusen Cave.
The agreement between the isotope ratios of the inclusion
water from modern stalagmites and of local rain water indi-
cates the robustness of our developed techniques. Oxygen
and hydrogen isotope data for stalagmite inclusion water
suggest possible prevailing winter monsoon conditions at
26 ka. The inferred temperatures suggest 3.4 ± 0.7 �C and
8.2 ± 2.4 �C colder conditions relative to modern at 9–10
and 26 ka, respectively.
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